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Recent climate change has impacted natural and human systems across the Earth, 
emphasizing the need for greater understanding of both the existing and changing natural 
and anthropogenic forcing mechanisms and subsequent responses of the Earth’s climate 
system. High-resolution, multi-parameter ice core records retrieved and analyzed from two 
Asian Ice Core Array (AICA) sites, Geladaindong (central Tibetan Plateau) and Inilchek 
(central Tien Shan) were utilized to reconstruct atmospheric chemical concentrations and 
composition over the past ~100-500 years, improving the understanding of late Holocene 
climate and environmental variability in Asia. Both ice cores were analyzed for major and 
trace elements, major soluble ions, stable water isotopes and radionuclides.   
The 147 m Geladaindong record (1477-1982) provides a Ca proxy for atmospheric 
dust concentrations and westerly wind strength over the Tibetan Plateau. 
Corresponding declines in zonal wind velocities, and subsequent declines in dust transport, 
are likely the result of increasing temperatures lowering meridional pressure gradients (i.e. 
weakening the Siberian High) over large portions of northern Asia. Late twentieth century 
concentrations suggest the lowest atmospheric dust concentration and the weakest westerly 
wind strength in the past ~500 years.  
The 160 m Inilchek record (1908–1995) established the natural baseline and 
subsequent anthropogenic increases of Pb, Cd and Cu concentrations during the twentieth 
century. Element concentrations and enrichment factor trends suggest Soviet industrial and 
agricultural sources between the 1950s-1980s and dominant Chinese sources during the 
late 1980s-1990s. Increases in regional mining activities during the 1950s-1970s 
potentially resulted in enriched mineral dust compositions (e.g. Al, Ti, Mn), suggesting 
commonly assumed crustal reference species may be biased and potentially underestimate 
non-crustal contributions at Inilchek. A major soluble ion record from Inilchek revealed 
dominant dust proxy species (Ca2+) had the highest concentrations during the 1950s-1970s, 
with subsequent declining decadal trends to the 1990s, likely reflecting regional dust storm 
activity in central Asia post-1950, that has been associated with coupled atmospheric 
circulation variability and anthropogenic activities. Excess concentration trends of NO3-, 
K+, SO42- and Cl- suggest discernable anthropogenic inputs beginning in the 1950s-1970s 
and peaking until the mid-late 1980s, followed by declines, coinciding with Soviet 
industrial and agricultural emission records. 
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CHAPTER 1 
INTRODUCTION 
 
 1.1 Asia and the Climate System  
Recent climate change has impacted natural and human systems across the Earth, 
emphasizing the need for greater understanding of both the existing and changing natural 
and anthropogenic forcing mechanisms and subsequent responses of the Earth’s climate 
system [IPCC, 2014]. This is crucial given the human and environmental impacts at stake 
regarding climate change events, which can occur abruptly, as major changes to the Earth’s 
climate system (e.g. temperature, precipitation, atmospheric circulation and atmospheric 
composition) can occur on scales of less than a decade [Dansgaard et al., 1993; Mayewski 
et al., 1993]. Instrumental climate records (e.g. temperature, precipitation, pressure) are 
temporally limited, with the majority of coverage beginning in the latter half of the 
twentieth century and furthermore, are often sparsely distributed in most regions. These 
records alone, while providing valuable information, are insufficient to understanding 
natural climate variability and its influence on modern and future climate. Paleoclimate 
records, available through natural archives including ice cores, tree rings, lake/marine 
sediment cores, stalagmites and corals, provide the essential historical perspective (ranging 
from sub-annual to multi-millennial scales) to assess modern climate variability.  
Ice core records are the most direct and detailed way to investigate past climate and 
atmospheric conditions as they provide high-resolution, well-preserved, multi-parameter 
physical and chemical archives that contain information about past temperature, 
precipitation, atmospheric circulation, and atmospheric chemistry. In recent decades, 
improvements in recovery, analysis, modeling and interpretations of these records have 
		 2 
vastly contributed to our understanding of both abrupt and longer scale climate change, as 
well as the extent and impact of post-industrialization anthropogenic activities on the 
composition of the atmosphere.  
Predominantly, ice core research has focused on the polar regions of Antarctica and 
Greenland, however, there has been increasing interest in the retrieval of glaciochemical 
records from non-polar regions. Non-polar ice cores can provide local-regional climate and 
environmental records that are in close proximity to anthropogenic activities. In Asia, 
instrumental records of climate and environmental variability are limited and rarely extend 
past the mid-twentieth century, thus ice cores offer the unique possibility to retrieve high-
resolution dated records of climate dynamics and chemistry extending centuries to 
millennia into the past. Asia is a prime location for the retrieval of ice cores as it contains 
several of the Earth’s highest mountain ranges (e.g. Himalayas, Pamirs, Hindu Kush, Tien 
Shan, Altai), as well as the Tibetan Plateau, spanning 1,000 by 2,500 km at an average 
elevation of ~5,000 m.  
The climate of Asia is strongly influenced by the size of the Eurasian landmass, 
along with the area and elevation of the Asian mountain system (e.g. Himalayas, Pamirs, 
Hindu Kush, Tien Shan, Altai) and the Tibetan plateau. The latter splits the upper-level 
westerlies and effects surface and upper-level pressure distributions. Atmospheric 
circulation in northern regions of central Asia is dominated by the interaction of the 
Siberian anticyclones and the western cyclones [Aizen et al., 1996], while southern regions 
are dominated by westerly cyclones and the south Asian monsoon. Seasonal heating and 
cooling over northern Asia creates large pressure differences between the Asian continent 
and the Indian Ocean and generates conditions that form the South Asian Monsoon, the 
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largest seasonal reversal of wind patterns and precipitation regimes on Earth. Other 
moisture regimes identified in central Asia include the Atlantic, Arctic, Mediterranean and 
Pacific, as well as regional evaporation from the Caspian, Black and Aral Seas and re-
evaporation from surrounding deserts [Aizen et al., 1996, 2004]. Due to central Asia’s 
continental interior position and high topographical terrain, semi-arid to arid regions are 
prevalent and contain major Northern Hemispheric dust emission sources [Goudie, 1983; 
Middleton, 1986; Prospero et al., 2002] including the Taklamakan, Karakum and 
Kyzylkum deserts, as well as the Aral Sea region. Dust emissions from Asia have been 
estimated to be between ~10-30% of global emissions [Werner et al., 2002; Miller et al., 
2004; Tanaka and Chiba, 2006]. Research has shown that dust aerosols play an integral 
role in the climate system, inﬂuencing the Earth’s radiative balance directly (scattering and 
absorbing incoming/outgoing radiation, as well as modifying surface albedos) and 
indirectly (acting as cloud condensation nuclei and nutrients for marine ecosystems that 
impact global carbon cycles) [Pruppacher and Klett, 1978; Tegen et al., 1996; Mahowald 
et al., 2005].  
Over the 20th century, due to population and economic growth, Asia has undergone 
a substantial increase in industrial and agricultural activities and is continuing to develop. 
Increasing energy demands and industrial production in Asia has made it the largest 
anthropogenic source of atmospheric trace metals [Pacyna and Pacyna, 2001]. In addition, 
the resulting rapid increases in anthropogenic activities (e.g. poor land management 
practices) now present a cumulative effect with natural controls (e.g. circulation patterns 
and aridity) on dust emissions [e.g. Ta et al, 2006; Indoitu et al., 2012]. This coupled system 
has led to severe regional environmental degradation. Asia has experienced intense land 
		 4 
cover changes due to deforestation, over-cropping and over-grazing. The desiccation of the 
Aral Sea is a prime example of the devastating effects of over-irrigation in the region 
[Micklin, 2007]. One of world’s greatest environmental catastrophes, the Aral Sea lost 
~65% of its volume by 1989 and ~90% by 2006 [Zavialov, 2005], exposing evaporate salts 
and pollutants in the 27,000 km2 of sea bed [Sinnot, 1992; Kira, 1995] to aeolian processes 
[UNEP, 2003; Micklin, 2007]. The new land is well suited for dust entrainment, 
transporting salt (e.g. NaCl and NaSO4) and dust great distances. Furthermore, there is a 
growing concern that the increasing trend of desertification in central Asia will increase 
dust storm and drought frequency, subsequently also increasing overall global dust 
concentrations in the atmosphere.  
The warming trend throughout Asia during the mid-twentieth and early twenty-first 
century is accented by the retreat and disappearance of alpine glaciers. For example, in the 
Tien Shan total glacier area and mass loss from 1961 to 2012 was estimated to be 18 ± 6% 
and 27 ± 15%, respectively [Farinotti et al., 2015]. The conditions that maintain alpine 
glaciers in many areas of central Asia and permit the reconstruction of high resolution, 
multi-parameter paleoclimate records are deteriorating, it is therefore crucial that 
researchers continue to retrieve ice cores before the glaciers, or at least the records 
preserved in these glaciers, disappear. 
Beginning in the early 1980s, ice core research has been conducted in carefully 
selected alpine sites in central Asia. These records include short term (<20 years) 
glaciochemical records retrieved from the following mountain ranges; the Himalayas, the 
Tien Shan, the Tanggala Shan, the Kunlun, the Karakoram, the Pamirs, the Altai, and the 
Qilan Shan [e.g. Lyons et al., 1983, 1991; Mayewski et al., 1984; Thompson et al., 1989; 
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Wake et al., 1990, 1993; Williams et al., 1992; Wake and Mayewski, 1993; Aizen 1996, 
2004; Kreutz and Sholkovitz, 2000; Kreutz, 2001; Aizen et al., 2009;], along with deeper 
ice cores (>50-100 m) (Figure 1.1.) from the Belukha and West Belukha [e.g. Olivier et 
al., 2006; Eichler et al., 2012; Aizen et al., in press], Inilchek [Grigholm et al., 2016], 
Dunde [Thompson et al., 1989, 1990; Yao and Thompson, 1992; Yang et al., 2006; 
Takeuchi et al., 2009], Guliya [Thompson, 1995; Yao et al., 1995], Muztagata,  [Li et al., 
2006; Zhao et al., 2011], Malan [Wang et al., 2006], Puruogangri [Thompson et al., 2006], 
Nylanquentanglha [Kang et al., 2015], Geladaindong [e.g. Kang et al., 2015; Grigholm et 
al., 2015], Dasuopu [Thompson et al., 2000, 2003], and Everest [Kang et al., 2002a, 2002b; 
Qin et al., 2002; Hou et al., 2002; Kaspari et al., 2007, 2008, 2009]. The successful analysis 
of snow pits and shallow ice cores has yielded fundamental understanding of spatial and 
seasonal distributions of atmospheric chemical concentrations and compositions, along 
with local to regional scale environmental glaciochemical markers of crustal, marine and 
anthropogenic aerosols within central Asia. Deeper ice cores have provided a unique 
opportunity to reconstruct decadal to millennial scale records of past climatic and 
environmental variability (i.e. natural background levels as well as rates, magnitudes and 
frequency of changes). These long term records have been utilized to reconstruct 
atmospheric circulation [e.g. Kang, 2003; Kaspari, 2007; Grigholm et al., 2015], identify 
past drought events and lake desiccation [e.g. Thompson et al., 2000; Kang et al., 2002a] 
and to trace the contributions of anthropogenic pollutants [e.g. Thompson et al., 2000; 
Kang et al., 2002b; Hou et al., 2002, Kaspari et al., 2009; Eichler et al., 2012; Grigholm et 
al., 2016].  
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1.2 The Asian Ice Core Array (AICA) 
The research presented in this dissertation is based on glaciochemical records 
derived from the Asian Ice Core Array (AICA), a National Science Foundation (NSF), led 
by Prof. Paul Andrew Mayewski and Prof. Vladimir Aizen, and funded and internationally 
coordinated project, intended to enhance the coverage of deep ice cores in central Asia, in 
an effort to develop a composite view of past, modern and future climate variability over 
Asia. The array consists of the following ice core sites from: Inilchek, Tien Shan (42.26°N, 
80.42°E, 5,120 m a.s.l.); Geladaindong, Tanggala Shan (33.58°N, 91.18°E, 5,750 m a.s.l.); 
West Belukha, Altai (49.80°N, 86.56°E, 4,115 m a.s.l.); Nylanquentanglha, Nyi Mountains 
(30.4°N, 90.57°E, 5,860 m a.s.l.); and Fedchenko, Pamir (38.55°N, 72.26°E 5,500 m a.s.l.) 
(Figure 1.1.). AICA glaciochemical analysis focuses on stable water isotopes (δD and 
δ18O), major soluble ions (Na+, K+, Ca2+, Mg2+, Cl-, NO3-, SO42-), and elements (e.g. Al, 
Fe, Pb, Cd, Cu, Co, Ti, Ba, Cr, Sr, V, U, Cs, Mn, As).  
AICA’s primary research questions address Asian climate variability and 
environmental change and include: 
1) How do major Asian circulation features (e.g. Asian monsoon, Westerlies, 
Siberian and Tibetan Highs) vary on annual to centennial scales? What factors (e.g. solar 
variability, volcanic activity, greenhouse gases) control changes in the major circulation 
features impacting Asia? Are Asian climate change events related to climate change in 
other regions? 
2) How have natural versus anthropogenic sources for chemical species (e.g. sulfate 
(SO42-), nitrate (NO3- ), and heavy metals (e.g. Pb, Cd) varied in the atmosphere over central 
Asia? Are spatial and temporal variations in contaminants related to changes in 
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contaminant source areas or production? Have changes in atmospheric circulation 
impacted distribution of chemical species in the atmosphere over central Asia?  
 
Figure 1.1. Asian Ice Core Array (AICA) sites and previous ice core locations [references 
in text]. 
The research presented in this dissertation investigates these questions, primarily 
focusing on the development and interpretation of element and major soluble ion records 
from two AICA ice cores; Geladaindong Glacier (147 m) located in the Tanggala 
Mountains in the central region of the central Tibetan Plateau and Inilchek Glacier (160 m) 
located in the central Tien Shan along the boundaries of Kyrgyzstan and China. These 
records are examined in the context of instrumental and reanalysis data, as well as regional 
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and hemispheric paleoclimate proxy records, presenting a detailed reconstruction of the 
climate and environmental history spanning the last 100-500 years.  
1.3 Dissertation Outline  
The body of this dissertation consists of five chapters. Chapter 1 is an Introduction. 
Chapters 2, 3 and 4 were written as individual papers for publication in peer-reviewed 
journals. Chapter 2 and 3 are published. Chapter 4 is in preparation for submission for 
publication. Chapters 2, 3, and 4 contain individual Summary, Introduction, Methods, 
Results, and Conclusion sections. Chapter 5 is the summary Conclusion of the dissertation. 
There is one cumulative reference list, encompassing all chapters, following Chapter 5.  
Chapter 2, (Twentieth century dust lows and the weakening of the westerly winds 
over the Tibetan Plateau [Grigholm et al., 2015]) was published on April 14, 2015 in the 
peer-reviewed journal, Geophysical Research Letters. This chapter presents atmospheric 
dust concentrations over the last ~500 years (1477–1982 A.D.) from a Geladaindong ice 
core, to investigate the variability and climatic controls of atmospheric dust on the Tibetan 
Plateau. Comparisons with regional climate records and reanalysis models suggest the 
lowest atmospheric dust concentrations in the past ~500 years during the latter twentieth 
century as a result of weakening westerly wind velocities and reduced temperature/pressure 
gradients over northern Asia. 
Chapter 3, (Mid-twentieth century increases in anthropogenic Pb, Cd and Cu in 
central Asia set in hemispheric perspective using Tien Shan ice core [Grigholm et al., 
2016]) was published on April 1, 2016 in the peer-reviewed journal, Atmospheric 
Environment. This chapter presents the first multi-decadal (1908–1995 AD) trace element 
record from the central Tien Shan (Inilchek glacier) and examines the natural baseline and 
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subsequent anthropogenic increases of Pb, Cd and Cu concentrations during the twentieth 
century. Element concentrations and enrichment factor trends suggest dominant Soviet 
industrial and agricultural sources between the 1950s-1980s and dominant Chinese 
(Xinjiang Province) sources during the late 1980s-1990s. 
Chapter 4 (A twentieth century major soluble ion record of dust and anthropogenic 
pollutants from Inilchek Glacier, Tien Shan [Grigholm et al., near submission]) is currently 
in preparation for submission to the peer-reviewed journal, Journal of Geophysical 
Research. This chapter presents the first multi-decadal (1908–1995 AD) major soluble ion 
record from the central Tien Shan (Inilchek glacier) and examines the temporal trends of 
natural vs. anthropogenic aerosol contributions during the twentieth century. Dominant 
dust proxy species (Ca2+) reveal the highest concentrations during the 1950s-1970s, with 
subsequent declining decadal trends to the 1990s, likely reflecting regional dust storm 
activity in central Asia post-1950, that has been associated with coupled atmospheric 
circulation variability and anthropogenic activities. Baseline excess concentration trends 
of NO3- , K+, SO42-+ and Cl- suggest discernable anthropogenic inputs beginning in the 
1950s-1970s and peaking until the mid-late 1980s, followed by declines, coinciding with 
Soviet industrial and agricultural emission records. 
Chapter 5 (Conclusions) is a summary of the major findings of this research with 
general recommendations for future investigations.  
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CHAPTER 2 
TWENTIENTH CENTURY DUST LOWS AND THE WEAKENING OF THE 
WESTERLY WINDS OVER THE TIBETAN PLATEAU 
2.1 Abstract 
Understanding past atmospheric dust variability is necessary to put modern 
atmospheric dust into historical context and assess the impacts of dust on the climate. In 
Asia, meteorological data of atmospheric dust is temporally limited, beginning only in the 
1950s. High-resolution ice cores provide the ideal archive for reconstructing 
preinstrumental atmospheric dust concentrations. Using a ~500 year (1477–1982 A.D.) 
annually resolved calcium (Ca) dust proxy from a Tibetan Plateau (TP) ice core, we 
demonstrate the lowest atmospheric dust concentrations in the past ~500 years during the 
latter twentieth century. Declines in late nineteenth to twentieth century Ca concentrations 
signiﬁcantly correspond with regional zonal wind trends from two reanalysis models, 
suggesting that the Ca record provides a proxy for the westerlies. Twentieth century 
warming and attendant atmospheric pressure reductions over northern Asia have 
potentially reduced temperature/pressure gradients resulting in lower zonal wind velocities 
and associated dust entrainment/transport in the past ~500 years over the TP.  
2.2 Introduction 
Dust aerosols play an integral role in the climate system inﬂuencing the Earth’s 
radiative balance directly (scattering and absorbing incoming/outgoing radiation, as well 
as modifying surface albedos) and indirectly (acting as cloud condensation nuclei and 
nutrients for marine ecosystems that impact global carbon cycles) [Tegen et al., 1996; 
Pruppacher and Klett, 1978; Mahowald et al., 2005]. Central Asia contains some of the 
		 11 
Northern Hemisphere’s largest sources of dust and is estimated to emit 10–30% of global 
emissions [Tanaka and Chiba, 2006; Miller et al., 2004; Werner et al., 2002] (see 
supporting information Text S1). The Central Asian Mountain System, which include the 
Pamirs, Hindu Kush, Tien Shan, Altai, the Himalayas, and the Tibetan Plateau (TP), 
provide excellent locations for reconstructing past atmospheric dust as it contains high-
elevation glaciers that hold well-preserved ice core records [e.g., Aizen et al., 2004; Kang 
et al., 2002; Kaspari et al., 2009; Mayewski et al., 1984; Takeuchi et al., 2009; Thompson 
et al., 2006]. Herein we present a high-resolution, annually dated proxy record of 
atmospheric dust from a Mount Geladaindong (GL) ice core and investigate the variability 
and climatic controls of atmospheric dust on the TP over the last ~500 years. 
2.3 Materials and Methods 
In 2005 a 147 m ice was retrieved from Guoqu Glacier, located on the northern 
slope of Mount Geladaindong (GL) (33.58°N, 91.17°E, 5720 m above sea level). A total 
of 3585 co-registered samples were collected for major soluble ions (Na+, K+, Mg2+, Ca2+, 
Cl-, NO3, and SO4), major and trace elements (Ca, Al, S, Mg, Fe, K, Na, and Bi,) and stable 
isotopes (δ 18O) (see supporting information Text S2). In addition, samples were collected 
for tritium and 210Pb analysis [Kang et al., 2015] (see supporting information Text S2). 
The GL ice core was annually dated to 1477 at a depth of 109.93 m. Individual 
years were selected by identifying the seasonality of autumn-winter-spring peaks in major 
ion/element dust species (e.g., Ca, Al, Fe, and SO42-) and the seasonality of δ18O-depleted 
summer monsoon precipitation (see supporting information Text S3). GL depth-age 
estimates are supported by 210Pb, tritium, volcanic markers, and an ice ﬂow model (see 
supporting information). Dating uncertainties are estimated at ±0 years at 1963 based on 
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the tritium peak and Agung eruption horizon, ±5 years at 1872 and ±20 years at 1477. 
Although the ice core was recovered in 2005, mass loss of snow and ice, due to ablation, 
at GL resulted in the removal of the most recent 23 years of the record yielding 1982 as the 
top year. Thus, the GL depth-age scale presented in this paper varies from previously 
published GL research interpreting a shallower 74 m ice core record from the same 
expedition in 2005 [e.g., Zhang et al., 2007; Grigholm et al., 2009; Kang et al., 2010] (see 
supporting information Text S4). 
2.4 Results and Discussions 
The transport of atmospheric aerosols to GL is primarily dominated by westerly 
and the Siberian High (SH) circulation patterns as well as marine air masses associated 
with the Asian Summer Monsoon (ASM) [Bryson, 1986; Aizen et al., 1996] (Figure 2.1a.). 
The semiarid steppe and desert regions that cover the central and western portions of the 
TP [Wang, 1988] result in TP glaciochemistry that is dominated throughout the year by 
crustal dust, despite summer monsoon marine air mass incursions [e.g., Cong et al., 2007; 
Zhang et al., 2001; Li et al., 2007]. Empirical orthogonal function (EOF) analysis of GL 
major soluble ions (Na+, K+, Mg2+, Ca2+, Cl-, NO3-, and SO42-) clearly reﬂects the common 
variance/seasonality of crustal species as EOF 1 represents ~80% of the total specie 
variation. In addition, there are no eigenvectors loading with common marine tracers (i.e., 
Na+ and Cl-) and GL glaciochemical concentrations are an order of magnitude greater than 
Himalayan ice cores (e.g., Everest), which are closer to marine sources [Kaspari et al., 
2007] (see supporting information Text S5). 
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Figure 2.1. Research location and GL Ca dust proxy time series. (a) Map of study area and 
generalized atmospheric circulation: the westerlies, the Siberian High (SH), and Indian and 
East Asian components of Asian Summer Monsoon (ASM). TPgrid (30°N–40°N and 
80°E–95°E) (dotted rectangle), Asian Ice Core Array (AICA) sites (red circles), and other 
ice cores (blue circles). (b) GL Ca concentrations 1477–1982. Annual (brown), 10 year 
means (yellow) and robust spline (tension 0.01) (black). 
 
For this study, calcium (Ca and Ca2+) concentrations were selected as the primary 
proxy for local atmospheric dust as it represents ~50% of total specie burdens (see 
supporting information: Table 2.4.). Calcium is commonly utilized as a dust proxy for ice 
core studies in the region [e.g., Wake and Mayewski, 1993; Kreutz and Sholkovitz, 2000; 
Kang et al., 2002; Kaspari et al., 2007]. Previous research on mass-particle size 
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distributions from nearby Lhasa and Gongga indicate that Ca is strongly controlled by local 
TP sources, while other dust-derived elements (e.g., Al and Fe) are representative of 
distally transported dust [Zhang et al., 2001]. The high concentrations of Ca are likely 
derived from the abundant calcareous soils that cover the TP and surround the GL site (see 
supporting information Text S5). 
The GL Ca time series from 1477 to 1982 are shown in Figure 2.1b. Annual 
concentrations are reported rather than ﬂux (ﬂux = concentration × accumulation rate) as 
dry versus wet deposition rates are not well constrained on the TP and there is no signiﬁcant 
correlation between Ca concentrations and accumulation rates to justify a ﬂux correction 
(see supporting information Text S6). Generally, the highest Ca concentrations in the GL 
records occur during the 1700s and 1800s (centennial means > 1500 ppb), while the lowest 
Ca concentrations occur during the 1900s, (centennial mean ~1150 ppb). Between 1480 
and 1950, Ca concentrations are characterized by high decadal-to-multidecadal variability. 
This temporal pattern is abruptly altered ~1950 when Ca concentrations and variability 
decline signiﬁcantly and remain low to the top of the record. The abrupt shift in 
atmospheric dust occurs ~1952–1956. The 1950–1980 mean concentration is ~670 ppb. 
This 30 year period has the lowest Ca concentrations in the entire record and is highlighted 
by the lowest decadal Ca concentrations of ~440 ppb between 1970 and 1980. 
To assess the extent of the GL dust proxy record, comparisons were made to 
contemporary ice core dust proxy records on the TP (Dunde [Takeuchi et al., 2009; Yang 
et al., 2006], Malan [Wang et al., 2006], and Puruogangri [Thompson et al., 2006]), and in 
the Himalayas (i.e., Everest [Kaspari et al., 2007] and Dasuopu [Thompson et al., 2000]) 
(Figure 2.2a.). TP dust proxies display distinct similarities to GL, including the lowest 
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concentrations occurring between 1950 and 1980 (the only exception being two low dust 
periods (late 1500s and late 1600s) at Malan). GL, Dunde, and Malan reveal similar 
declining trends between 1850 and 1980, while dust declines occur ~50 years later in the 
Puruogangri record at ~1900. Puruogangri, Malan, and Dunde all extend beyond 1982 and 
show a continued decline in dust until ~2000. Linear regression generally reveals 
signiﬁcant declining trends from the mid-1800s: GL (1850–1980, r2 = 0.43, p = 0.015), 
Malan (1850–2000, r2 = 0.52, p = 0.002), Dunde (1850–2000, r2 = 0.71, p > 0.001), and 
Puruogangri (1900–2000, r2 = 0.56, p = 0.01). In addition, correlations between GL with 
Malan and Dunde reveal strong associations, suggesting either similar dust sources and/or 
similar climatic controls (e.g., wind velocities) (see supporting information Text S7). 
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Figure 2.2. Climate proxies (1500–2000) and 20CRV2 data (1871–2000). (Top to bottom) 
China temperature Anomaly, NH temperature Anomaly, Law Dome CO2, solar irradiance, 
GISP2 nssK+, Aral Sea Ti, GL accumulation, 20CRV2 TPgrid Dust Months (DM) 
precipitation, 20CRV2 TPgrid DM zonal wind400 mbar, Dunde MPC1850–2000 (0.52–16 µm), 
Dunde MPC1500–1930; Malan Dirt Ratio, Puruogangri Ca2+ (brown), GL Ca (brown), Everest 
Ca2+, and Dasuopu MPC. 
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The prominent decline observed in TP dust proxy records post-1950 coincides with 
declines in dust storm (DS) observations across northern China [Qian et al., 2002] and the 
TP (see supporting information Text S8). Wang [2005] reported the similarity of trends 
between northern China DS and the Malan core. In contrast, Himalayan ice cores, Everest, 
and Dasuopu, generally display increasing dust concentrations in the twentieth century. 
This increasing trend most likely represents non-TP dust sources (e.g., Thar Desert and/or  
the Arabian Peninsula), varying seasonal dust input, and/or anthropogenic activity (see 
supporting  information Text S7). Twentieth century declines in DS in China have been 
attributed to varying climatic and/or anthropogenic mechanisms (e.g., wind strength, 
temperature gradients and cyclonic activity, precipitation and vegetation cover, and 
desertiﬁcation and land management), although natural factors are primarily suggested 
[Goudie, 2009]. 
To help determine the physical mechanisms responsible for shifts in atmospheric 
dust at GL, we utilized reanalysis models National Centers for Environmental Prediction 
(NCEP) 1 (1948–1982) and Twentieth Century Reanalysis V2 (20CRV2) (1871–1982) 
[Kalnay et al., 1996; Compo et al., 2011] to compare climate variables (i.e., zonal wind, 
geopotential height (gph), precipitation, and temperature) to GL Ca concentrations (see 
supporting information Text S9). The 2.5° × 2.5° resolution of NCEP 1 and 20CRV2 
gridded data cannot resolve all of the complex topography that may inﬂuence small-scale 
climate on the TP. However, researchers note much of the synoptic-scale climate 
variability in the Himalayan/TP region is captured using NCEP 1 [Xie et al., 2007]. 
Therefore, we focus on regional-scale spatial and temporal climate relationships between 
GL Ca records and climate variables. The reanalysis data are available at the NOAA Earth 
		 18 
System Research Laboratory website (http://www.esrl.noaa.gov/psd/data/gridded/). 
Annual GL Ca concentrations were correlated to climate variables during the months of 
primary DS activity (November–May), referred hereon as dust months (DM) [Han et al., 
2004]. In addition, correlations were conducted on nondust months (NDM) (June–
October), as well as the full calendar year (January–December), to test relationships when 
atmospheric aerosols are at baseline concentrations and to capture total annual variations, 
respectively. 20CRV2 correlations were calculated for annual, 5 year, and 10 year means. 
Multiyear averages were utilized to account for interannual variability, to better assess 
long-term trends, as well as to account for possible dating errors. Due to the lognormal 
distribution of the GL Ca time series, the log transformation is used in the correlation 
analysis. 
NCEP1 (1949–1982) spatial DM correlation maps reveal that zonal winds have the 
strongest correlations to GL logCa. Signiﬁcant positive correlations are found over the 
majority of the TP, with the strongest correlations (r = 0.52, p = 0.002) directly west of GL 
(Figure 2.3a.). NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory 
(HYSPLIT) model back trajectory frequency analysis reveal that during DM the majority 
of air masses originate from the west, clearly corresponding to the highest zonal wind 
correlation values on the TP (Figure  2.3b.). The zonal wind:logCa relationship suggests  
that as wind velocities increase/decrease, transport  of dust species west of GL is 
strengthened/weakened. Signiﬁcant spatial correlations were not observed for the other 
climate parameters, with the exception of perhaps NDM temperature. NDM temperatures 
display positive signiﬁcant correlation to the north and east but not to the west where dust 
primarily originates (see supporting information Text S9). It is important to note that the 
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resolution of NCEP 1 grids may not capture the complex spatial distribution of 
precipitation patterns that may inﬂuence dust transport. Therefore, GL Ca was also 
compared to precipitation records from two local weather stations: Tuotuohe station to the 
northeast (34.23°N; 94.44°E; 1956–1982) and Amdo station to the southwest (31.15°N; 
97.16°E; 1966–1982) (National Climate Center, China Meteorological Administration). 
No correlations were found for DM or NDM to suggest a precipitation control on GL Ca. 
20CRV2 (1871–1982) extracted time series also suggest that DM zonal wind is the 
dominant control on TP atmospheric dust, exhibiting signiﬁcant correlations for annual, 5 
year, and 10 year mean logCa (Table 2.1.). The increased correlation strength with longer 
time averages (i.e., rannual = 0.35 (p < 0.001); r5 year = 0.62 (p < 0.01); and r10 year = 0.78 (p < 
0.01)) suggests that the zonal wind proxy is a more robust interpretation on a decadal 
timescale, as it better accounts for interannual climatic controls of atmospheric dust, as 
well as potential dating errors. 20CRV2 zonal wind correlations are stronger at higher 
elevations, suggesting that enhanced/weakened upper air transport may be more 
responsible for higher/lower Ca concentrations than aerosol entrainment at the dust source 
(see supporting information Text S9). To illustrate the temporal relationship between logCa 
and TPgrid zonal wind, EOF analysis was conducted and revealed a common variance of 
68% (Figure 2.3c.). In addition, to exclude biases from long-term trends in the data, 
correlation, and EOF analysis were conducted on detrended logCa and TPgrid zonal wind, 
which also revealed signiﬁcant direct associations (i.e., rannual = 0.23 (p = 0.015); r5 year = 
0.45 (p = 0.03); and r10 year = 0.57 (p = 0.06)) and a common variance of 62%. Signiﬁcant 
spatial correlations were not observed for the other climate parameters.  
 
		 20 
 
 
 
Ta
bl
e 
2.
1.
 G
L 
lo
gC
a 
TP
gr
id
 (3
0 °
-4
0 °
N
: 8
0 °
-9
5 °
E)
 re
an
al
ys
is
 c
or
re
la
tio
ns
. 
		 21 
 
Figure 2.3. Atmospheric circulation and GL logCa comparisons. (a) Spatial correlations of 
GL logCa and NCEP 1 DM zonal wind500 mbar. GL site (black circle) (highest values (n = 
34; r = 0.52; p = 0.002) due west of GL). (b) NOAA HYSPLIT 7 day back trajectory 
frequency plot for DM (1950–1980). GL (red circle). (c) 20CRV2 TPgrid DM zonal wind400 
mbar, GL logCa, and their common EOF 1, representing 68% of the variance in the two 
time-series. 
 
We also utilized regional ice core (i.e., Everest, Guliya, Dunde, Puruogangri, 
Dasuopu, and GL) net accumulation proxies to assess the potential impact of past 
precipitation trends on atmospheric dust. These potential precipitation proxies revealed no 
relationship to the GL Ca dust proxy (see supplemental information Text S10). 
The similarity in twentieth century TP dust proxies and zonal wind suggests that 
the westerlies are most likely the primary control on dust transport. To spatially illustrate 
the likely regional mechanisms responsible for the weakening of the westerlies, 20CRV2 
400 mbar zonal wind, temperature, and gph difference maps are presented (Figure 2.4.). 
The year 1950 was utilized as a demarcation for the difference maps as it is associated with 
a signiﬁcant shift in atmospheric dust concentrations at GL. 20CRV2 difference maps 
illustrate how 1951–2000 DM warming over north central Asia, northwestern China, 
Mongolia, and Siberia (an area strongly inﬂuenced by the SH) has increased the regional 
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gph relative to the 1872–1950 period (Figures 2.4b. and 2.4c.). Difference maps suggest 
that the SH has weakened, resulting in reduced meridional pressure gradients over the TP 
and lower zonal wind velocities, which reduce dust transport over the TP. In addition, 
difference maps reveal slight declines in gph over the eastern TP, which may also reduce 
zonal winds via atmospheric blocking. 
 
Figure 2.4. 20CRV2 DM400 mbar difference maps (1951–2000 minus 1872–1950). (a) Zonal 
wind, (b) temperature, and (c) gph. 
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To test the potential of a long-term GL Ca westerly proxy, we compared the GL Ca 
record to regional-global-scale forcing proxy data (i.e., China temperature anomaly [Yang 
et al., 2002], Northern Hemisphere (NH) temperature anomaly [Mann and Jones, 2003], 
Law Dome CO2 [Etheridge et al., 1996], solar irradiance [Lean et al., 1995], and the SH 
[Meeker and Mayewski, 2002; Sorrel et al., 2007], that may explain pre-reanalysis trends 
in TP zonal winds and atmospheric dust (Figure 2.2b.). GL Ca generally displays an inverse 
relationship to temperature anomaly proxies from China and the NH with higher Ca periods 
(i.e., 1500s to mid-1800s) corresponding to colder periods (primarily forced by solar 
irradiance) and lower Ca periods (i.e., mid-1800s to late 1900s) corresponding with warmer 
periods (primarily forced by anthropogenic CO2 emissions). Comparisons with two SH 
proxy records derived from a Greenland Ice Sheet Project 2 non-sea-salt K+ (GISP2 nssK+) 
record [Meeker and Mayewski, 2002] and an Aral Sea Ti sediment core proxy [Sorrel et 
al., 2007] also reﬂect an inverse relationship to temperature proxies. This suggests, as 
reanalysis models, that colder/warmer periods drive a stronger/weaker SH and are likely 
responsible for zonal wind strengths and dust transport on the TP. The relationships 
between the proxy records are most prominently highlighted during the middle-late 
twentieth century when anthropogenic CO2 concentrations and temperature proxies are the 
highest and correspond to the weakest SH and zonal wind strengths, as well as the lowest 
TP dust concentrations in last ~500 years. 
The anomalously low post-1950s GL Ca concentrations (~50% below 1480–1950 
concentrations) correspond with the anthropogenic warming of the middle-late twentieth 
century. As warming continues, temperature/pressure gradients driving the westerlies will 
presumably decline [Francis and Vavrus, 2012], as will, most likely, the transport of dust. 
		 24 
Therefore, future trends of atmospheric dust over the TP may be more dominantly 
controlled by other factors (e.g., precipitation, source area, and/or anthropogenic activity). 
For example, twentieth century warming combined with poor land management has 
increased land degradation and desertiﬁcation, exposing more sediments to possible 
entrainment [Wang et al., 2000; Gong et al., 2004]. In addition, studies estimated that 
between the 1950s and 1990s China’s desert regions increased by ~2–7% and would yield 
10–40% more DS under 1950s atmospheric conditions (i.e., stronger wind strengths) 
[Zhong, 1999; Zhu and Zhu, 1999]. Importantly, the GL Ca dust proxy provides a longer 
historical perspective and insight into the preinstrumental era, strongly suggesting that if 
atmospheric circulation strengths returned to a pre-1950s state, even greater DS frequency 
would be expected. 
2.5 Conclusion 
This paper presents a high-resolution ~500 year Ca record (1477–1982) from GL 
that provides a proxy for atmospheric dust concentrations and westerly wind strength over 
the TP. Late nineteenth to twentieth century declines in Ca concentrations correspond with 
regional trends in reduced zonal wind strengths. Signiﬁcant positive DM (November–May) 
correlations between logCa and NCEP 1 (1949–1982) and 20CRV2 (1872–1982) zonal 
wind velocities indicate that the GL record yields a proxy for the strength of the westerlies. 
Twentieth century declines in zonal wind velocities, and the subsequent declines in dust 
transport over the TP, are likely the result of increased DM temperatures lowering 
meridional pressure gradients (i.e., weakening the SH) over large portions of northern Asia. 
Additionally, the GL Ca record displays a decadal-centennial relationship with regional 
		 25 
temperature proxies and SH proxies, reﬂecting the long-term control of regional 
atmospheric circulation strength over atmospheric dust concentrations on the TP.   
2.6 Supporting Information 
We include explanatory text and extended descriptions as supporting information 
text sections, seven supporting figures, and four supporting tables.  
2.6.1 Atmospheric Dust Over Central Asia (S1) 
Asia is one of the Northern Hemisphere’s major dust source regions [Prospero et 
al., 2002] including the Taklimakan, Qaidam Basin, Gobi, Kara kum, Kyzyl kum, 
Cholistan and Thar Deserts. Dust emissions from Asia have been estimated to be between 
~10-30% of global emissions [Tanaka and Chiba, 2006; Miller et al., 2004; Werner et al., 
2002] with Asia’s northern and northwestern deserts (e.g. Taklimakan) contributing 100–
800 Tg dust yr-1 [Laurent et al., 2006; Zhang et al., 1997].  Station observations on the TP 
reveal dust activity occurring primarily between November and May [Han et al., 2004], 
with dust activity peaking between mid-February and late May, due to springtime cyclonic 
activity [Merrill et al., 1989; Qian et al., 2002]. On the TP, atmospheric dust is composed 
of 70% local soils and 25% from materials transported into the region from long-distance 
sources [Zhang et al., 1996] including the arid regions in northern China (e.g. Taklimakan 
desert) or other deserts in central Asia [Zhang et al., 2001; Liu et al., 2008]. The TP is 
thought to be an important dust source, contributing more to long-distance Asian dust 
transport than previously thought, as entrained dusts regularly reach the upper tropospheric 
transport pathways due to the TP’s high elevation [Fang et al., 2004; Han et al., 2004]. 
Evidence of Asian dust transport has been reported in ice cores from Greenland and the 
Alps [Meeker and Mayewski, 2002; Bory et al., 2003; Grousset et al., 2003]. 
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2.6.2 Ice Core Retrieval and Glaciochemical Analysis (S2) 
In October of 2005, a joint ice core drilling expedition from the Climate Change 
Institute (University of Maine) and the Institute of Tibetan Plateau Research was conducted 
on the Guoqu Glacier, located on the northern slope of Mt. Geladaindong (33.58°N, 
91.17°E, 5720 m above sea level) in the Tanggula Mountains on the TP. A 147 m ice core 
was retrieved from the flat basin in the accumulation zone using the Cold and Arid Regions 
Environmental and Engineering Research Institute (CAREERI) electromechanical drill 
and subsequently transported frozen and stored at -20°C at the State Key Laboratory of 
Cryospheric Science in Lanzhou, China. The Geladaindong (GL) ice core was processed 
using a discrete sampling (DS) method. Samples were sectioned on a modified band-saw 
set (stainless-steel blades; tabletops and saw guides covered with teflon) and were regularly 
cleaned with ethyl alcohol and deionized (DI) water (>18.2 MΩ). Sample resolutions 
between 0-80 m, 80-144 m and 144-147 m, were 5 cm, 4 cm and 3 cm, respectively. Each 
individual sample was scraped by a researcher in a clean cold room using a clean plastic 
lathe with pre-cleaned ceramic blades, wearing a non-particulating suit, face mask and 
wrist-length polypropylene (PP) gloves. Samples were then placed into teflon bags and 
melted at room temperature. A total of 3,585 co-registered samples were collected into 
high-density polyethylene (HDPE) vials and pre-cleaned (with DI water) polypropylene 
(PP) vials for analysis of major soluble ion concentrations (Na+, K+, Mg2+, Ca2+, Cl-, NO3-
, SO42-), major and trace elements (e.g. Ca, Al, Na, K, S, Mg, Fe, Bi), as well as stable 
isotope ratios (δ 18O). Trace element vial-cleaning procedures are presented in previous 
studies [Osterberg et al., 2006]. Samples were analyzed for major soluble ions and trace 
elements at the Climate Change Institute, University of Maine, using a Dionex DX-500 ion 
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chromatograph and a Thermo-Finnigan Element 2 inductively coupled plasma sector field 
mass spectrometer (ICP-SMS) respectively. The ICP-SMS is coupled with a microflow 
nebulizer/desolvation introduction system to reduce potential spectroscopic interferences 
[Field and Sherrell, 2003; Gabrielli et al., 2006]. ICP-SMS samples were acidified to 1% 
with double-distilled HNO3 and spiked with 1 ppb of Indium, as an internal standard, under 
a class 100 High Efficiency Particle Air (HEPA) clean bench and allowed to react with the 
acid for seven days before being frozen. Samples were melted at room temperature 
approximately 24 hours prior to analysis. A statistical summary of the major soluble ions 
and trace elements discussed in this paper, and teflon bag blanks and instrument detection 
limits are presented in Table 2.2.  δ18O samples were analyzed on a MAT-253 isotope mass 
spectrometer (±0.1‰ precision) via the standard CO2 equilibration technique at the Key 
Laboratory of Tibetan Environment Changes and Land Surface Processes (TEL), Institute 
of Tibetan Plateau Research (ITP) and the Chinese Academy of Science (CAS). The GL 
ice core was additionally analyzed for 3H and 210Pb at ~0.5 m and ~1 m intervals, 
respectively, using ice core shavings from the DS method at a resolution of 1 m. The water 
samples for 3H analysis were purified in a monitored low-tritium environment at GNS 
Science, National Isotope Centre, New Zealand, using vacuum distillation, and 
subsequently measured using Quantulus Low-level Liquid Scintillation Counters 
[Morgenstern and Taylor, 2009]. 210Pb activity was indirectly analyzed by measuring α 
decay of 210Po at an energy of 5.3 MeV using alpha-spectrometry at Paul Scherrer Institut, 
Switzerland. 
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2.6.3 Ice Core Dating (S3) 
GL depth-age estimates were based on a multi-parameter dating approach including 
annual layer counting (ALC), tritium and 210Pb activity measurements, volcanic markers 
and an ice flow model (Figure 2.5.).  Dating uncertainties are estimated ±0 years at 1963 
(based on the tritium peak and the Agung volcanic eruption horizon), ±5 years at 1872 and 
±20 years at 1477.  The GL ice core was annually dated to 1477 at a depth of 109.93 m. 
Ice below 109.93 m could not be dated annually due to annual layer thinning and smoothing 
of seasonal markers by diffusion processes or simply because annual layers were too thin 
to resolve at the sample resolution utilized in this study. Individual years were selected by 
identifying seasonal inputs of autumn-winter-spring peaks in major ion/element dust 
species (e.g. Ca, Al, Fe, SO42-) and the seasonality of δ18O depleted summer monsoon 
precipitation [Merrill et al., 1989; Qian et al., 2002; Tian et al., 2001]. Tritium analysis 
revealed a clear peak (684 Tritium units (TU)) at a depth of 5.74 m. The peak was attributed 
to the 1963 global atmospheric 3H maximum, resulting from nuclear bomb tests, and 
employed a dating horizon [Carter and Moghissi, 1977; Beck and Bennett, 2002]. 
Comparisons between the tritium records from GL and Ottawa precipitation (WISER 
database) allowed for the top of the core to be dated to 1982 ± 5 years. The shallow depth 
of the tritium peak along with an abrupt firn/ice transition in the upper meter suggests 
recent mass loss of the glacier surface. Counting the seasonal layers (variations of 
glaciochemical species (e.g. Ca and S) above the 1963 tritium peak to the surface of the 
GL record yielded a top year of 1982, suggesting 23 years of accumulation has been lost 
in recent years due to ablation (Kang et al., 2015).  
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An independent depth-age scale was developed via 210Pb dating (Kang et al., 2015). 
All samples were corrected for background levels (0.9 mBq kg-1). The age-depth scale was 
derived from an exponential regression of 210Pb activity against depth. The uppermost two 
samples were excluded do to highly enriched values, potentially a result of partial melting.  
This age-depth relationship was anchored using the known age and depth of the tritium 
horizon in 1963. Extrapolation of the age fit to the surface allows estimating the surface 
age and calculating the expected surface 210Pb activity of the site of around 90 mBq kg-1 
(Kang et al., 2015).  210Pb dating approximated that the time-span for the upper 51.53 m 
covered ~155±10 years, agreeing well with ALC results. 
As a result of the two enriched 210Pb samples in the upper 5 meters, close attention 
was focused on the major soluble ion (Na+, K+, Mg2+, Ca2+, Cl-, NO3-, SO42-) time-series to 
identify any potential signs of post-depositional processes.  There were no indications of 
melt as evidenced by the clear seasonal glaciochemical structure (i.e. amplitudes) and the 
absence of a major soluble ion elution sequence, which is present when melt relocation has 
occurred [Mayewski and Lyons, 1981; Eichler et al., 2001].  In addition, the magnitude of 
seasonal major soluble ion amplitudes are similar within and below the upper 5 meter zone.  
In addition, the GL core ALC depth age scale was verified by the high-resolution 
concentration profile of Bi to identify the greater volcanic events. Bi has been shown to be 
an excellent tracer of volcanic events in mountain glaciers [Kaspari et al., 2008; Xu et al., 
2009]. The enrichment factor of Bi (Bi-EF) was defined as: 
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Equation 2.1. Enrichment Factor Equation. 
where EF is the enrichment factor of ice core sample to upper-crust values, X1 represents 
the concentration of Bi for the ice core sample, X2 represents the concentration of Bi in the 
upper crust, R1 represents the concentration of the reference elements for the ice core 
sample, and R2 represents the concentration of reference elements in the upper crust. Al, 
Fe and Ca were used as the reference elements to reduce any potential bias from one upper-
crust element [Barbante et al., 2003; Planchon et al., 2002; Grigholm et al., 2009b].  
Element concentrations for the average upper crust are taking from Wedepohl (1995). 
The Bi-EF profile is displayed in Figure 2.6. Large peaks are indicative of volcanic 
events. Volcanic eruption strength has been estimated by the volcanic explosivity index 
(VEI), which is related to tephra emission volume and eruption column height. Considering 
the VEI and atmospheric circulation, eight volcanic events (VEI≥4) were identified as 
stratigraphic horizons in dating the GL ice core.  These volcanic events can be recognized 
by Bi-EF exceeding the average-plus-2σ (the standard deviation) [Xu et al., 2009]. The Bi-
EF peak found at a corresponding depth to the 1963 tritium maximum coincides with the 
1963 Agung volcanic eruption (VEI=5). Comparisons to the ALC and the VEI≥4 records 
reveal that two peaks after 1963 correspond to the Galunggung (1982, VEI=4) and Mt. St. 
Helens (1980, VEI=5) volcanic eruptions.   
An ice-flow model was implemented to investigate the glacier flow behavior and 
to compare the resulting depth-age scale to the ALC results. The calculated ice flow model 
Bi−EF =
X1
R1
X2
R2
"
#
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line agrees well with the reconstructed depth-age scale by ALC (Supplemental Figure 
2.5a.). The GL utilized ice flow models from Kaspari et al. [2008] and Nye [1963]. 
𝑡 = 𝐻$𝑚 − 1 𝑤) 1(𝐻 − 𝑧)$-. − 1𝐻$-. 	𝑚 ≠ 1.0 
Equation 2.2. Least-squares fit equation.  
	𝑡 = 𝐻𝑤) ln 𝐻𝐻 − 𝑧 𝑚 = 1.0 
Equation 2.3. Ice Flow Model.         
 
Ws represents vertical velocity at the surface, H represents glacier thickness (the 
GL core is assumed to be 150 m), m represents a fitting parameter, z represents depth below 
the surface, and W0 represents initial annual layer thickness. Using least-squares fit 
equation (Equation 2.2.), the counting age-depth profile yields m=1.01 and Ws=0.39 m   a-
1. The lower value of m indicates that the vertical strain rates are nearly constant over much 
of the depth of the GL site. It also reflects that most of the decrease in velocity occurs near 
the bed.  
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Figure 2.5. Dating of the GL ice core. a) Age-depth profile calculated by annual layer 
counting, flow modeling, volcanic indicators (Bi-EF), Tritium activity and 210Pb activity 
(see legend for details). Tritium data are decay corrected to the approximate date of drilling 
(1/11/2005). b) Examples of annual layer counting using δ18O, selected major ions (Ca2+, 
SO42-, Cl-) and elements (Al, Fe, Ca). 
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Figure 2.6. Depth profiles of Bi and Bi-EF in the GL ice core. The large peaks in Bi-EF 
are corresponding to the large volcanic eruptions 
 
2.6.4 Previous GL Core (S4) 
 
Previous work has been published on a 74 m ice core (GL-A) also retrieved in 2005, 
~0.5 km from the 147 m core (GL-B) presented in this paper (Zhang et al., 2007; Grigholm 
et al., 2009a; Kang et al.., 2010).  Initial limitations on the GL-A core were apparent as 
water was encountered at 74 m (Grigholm et al., 2009a).  This subsequently led to the 
relocation of the drill site where the 147 m GL-B core was retrieved.  No water was 
encountered at the GL-B site.  GL-A was analyzed first to determine if seasonal markers 
were present.  GL-A demonstrated seasonality in the major soluble ions, however, at ~47-
74 m glaciochemical variability declined steadily suggest significant disturbance by melt 
water (Grigholm et al., 2009a).  Thus, the GL-A record was only dated and interpreted back 
to 1935.  
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New glaciochemical data from GL-B clearly recognizes that the 147 m core is a 
superior site. GL-B demonstrates well-preserved glaciochemistry unlike GL-A.   In 
addition, while GL-A only utilized beta activity, GL-B utilized more dating techniques (i.e. 
3H, 210Pb and volcanic markers).  At GL-A, the 1963 test bomb horizon was identified at 
~30 m by only one beta sample (~2 m resolution), while at GL-B tritium samples were 
analyzed at multiple finer ~0.5 m sampling resolution and revealed no peak at ~30, but 
rather background levels until ~6 m where multiple tritium samples display a rise, peak 
and decline better representing the multi-year rise and decline of nuclear fallout. In 
addition, the tritium peak corresponds with the 210Pb age profile offering stronger evidence 
to support GL-B dating. As a result, we conclude that GL-B contains superior 
glaciochemical records with a much more robust depth-age scale and disfavor the previous 
GL-A dating scheme.    
2.6.5 GL Ca Dust Proxy (S5) 
Calcium has commonly been utilized as a dust proxy for ice core studies in the 
region [e.g. Wake and Mayewski, 1993; Kreutz et al., 2000; Kang et al. 2002; Kaspari et 
al., 2007]. The sources of atmospheric Ca dust are most likely the abundant calcareous 
soils that cover the TP and surround the GL site [International Center for Agricultural 
Research in the Dry Areas (ICARDA), 2008; Institute of Soil Science of Academia Sinica, 
1985] (Figure 2.7.).  
GL glaciochemistry concentrations support a local Ca provenance as it represents 
~50% of both major soluble ion and major element total specie burdens and is ~1,000 ppb 
higher than other species (Table 2.3.).  In addition, EOF analysis of GL element times-
series suggests multiple Ca inputs, as its variance is captured on EOF 1 (~48%) and EOF 
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2 (~25%). Other potentially more distal dust-derived species (e.g. Al and Fe) are primarily 
loaded only on EOF 1 (~67%), potentially representing more distal sources, as suggested 
by Zhang et al. [2001] (Table 2.4.).  
2.6.6 GL Ca Record Annual and Flux (S6) 
Correlation coefficients between GL Ca and GL accumulation (1871-1982) 
indicate no significant correlation (n = 112, r = .18, p = .06) to necessitate a flux correlation. 
However, correlation coefficients between Ca concentration and Ca flux time-series 
display essentially display identical temporal patterns (n=506, r = .91, p <.000001) (Figure 
2.8.). 
2.6.7 Regional TP Dust Proxy Correlations (S7) 
Decadal scale correlations between 1850-1970 reveal associations between GL, 
Malan and Dunde (Table 2.5.). Puruogangri Ca2+ does not correlate to GL Ca, potentially 
indicating a more local dust source. Previous research describes the Puruogangri ice cap as 
surrounded by sand dunes composed of carbonates [Thompson et al., 2006]. In addition, 
local precipitation variation may explain differences, as precipitation can impact dust 
entrainment/transports via land surface changes (e.g. soil moisture) and atmospheric 
scavenging. Although Puruogangri Ca2+ does not correlate to the GL dust proxy record 
from 1600-1970, it does display similar regional declines in calcium during the 20th 
century.  
The difference exhibited between TP and Himalayan dust proxy records is a 
consequence of their geographic proximity to dust sources. The TP is dominated by readily 
available dust sources that comprise the plateau itself, while the Himalayas receive stronger 
marine inputs and are not directly down wind from TP dust source regions [Kaspari et al., 
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2009]. Using Total Ozone Mapping Spectrometer (TOMS) and HYSPLIT back-
trajectories, previous study suggests that Everest receives dust element inputs from the 
Arabian Peninsula and the Thar desert [Kaspari et al., 2009]. In addition, it was suggested 
that Ca concentrations are associated with background or June-October (NDM) inputs from 
the TP as a result of summer monsoon behavior [Kaspari et al., 2007, 2009]. Furthermore, 
both the research at Dasuopu and Everest note that higher dust concentrations during the 
20th century may reflect anthropogenic influences [Thompson et al., 2000, 2006].  
2.6.8 Dust Storm Station Observations (S8) 
The prominent decline observed in TP ice core dust proxy records post-1950 is 
supported by regional dust storm (DS) observations from stations across northern China 
[Qian et al., 2002] and the TP (Figure 2.9.).  
2.6.9 GL logCa NCEP 1 and 20CRV2 Spatial and Temporal Correlations (S9)  
NCEP1 and 20CRV2 are utilized to help determine the potential mechanism 
responsible for GL Ca concentrations. 20CRV2 is unique as it is the only reanalysis that 
has data reaching back to the 19th century. 20CRV2 is constrained by surface pressure 
observations (from the International Surface Pressure Databank [ISPD]) and with boundary 
conditions supplied by interpolated monthly sea-surface temperature and sea ice 
distributions from the Hadley Centre Sea Ice and SST [HadISST] dataset for the entire 
1871-2010 product run. The most reliable synoptic and large-scale solutions are found over 
regions of high data density. The vast majority of data ingests for the first half of the 
reanalysis are found over the U.S., Europe and the Soviet Union (SU)/Russia with sparse 
coverage elsewhere. Regional coverage and data density is greatly expanded after ~1950 
(yearly ISPD data coverage may be plotted at 
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http://www.esrl.noaa.gov/psd/cgibin/data/ISPD/stationplot.pl). Our TP study area is data 
sparse, but lies downwind and proximal to data input networks across Europe and the SU 
(and proximal to Indian datasets coming online ~1950). Our correlation analysis with 
NCEP1 and 20CRV2 focuses on peak dust months (Nov-May), when the TP is dominated 
by regional circulation features (Siberian High and westerlies), which originated from areas 
with station coverage. By I885 the SU had 10+ observation stations to represent the 
strength of the Siberian High located in central Asia (upwind and proximal to the TP) and 
in southern Siberia (proximal to the TP). By 1890 this number increased to ~30. The 
paucity of meteorological data from the TP hinders rigorous evaluation of the 20CR model 
solutions. We certainly bear in mind the potential limitations of 20CRV2, which informed 
our decision to use multiple reanalysis (NCEP1 and 20CRV2), dust storm observations and 
proxy records to help determine potential forcing mechanisms that control atmospheric 
dust. Spatial correlation maps for NCEP 1 climate parameters with GL logCa are presented 
in Figure 2.10.   
20CRV2 zonal wind:GL logCa spatial correlation maps are presented in 
Supplemental Figure 2.11. 20CRV2 zonal wind correlations are stronger at higher 
elevations, suggesting that enhanced/weakened upper-air transport may be more 
responsible for higher/lower Ca concentrations than aerosol entrainment at the dust source.  
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2.6.10 TP Precipitation Proxies, Reanalysis Data and Station Observations (S10)  
Although TP precipitation is a factor in atmospheric dust concentrations, past 
regional changes are difficult to assess given the high spatial variability in precipitation 
over the TP. Researchers have compared ice core accumulation proxies throughout the TP 
and Himalayas (e.g. Everest, Guliya, Dunde, Puruogangri and Dasuopu) noting overall 
wetter TP conditions prior to 1800 and dryer conditions ~1800-1900, followed by wetter 
conditions during the 20th century [Kaspari et al., 2008]. Although the TP may have been 
wetter during the 20th century compared to the 19th century, there are no clear regional 
trends during the 1900s. Linear regression of Tuotuohe station DM and NDM precipitation 
observations reveals no significant trends (1956-2000: data derived from the National 
Climate Center, China Meteorological Administration). The GL net accumulation record 
suggests that precipitation increased between ~1850-1900 and then subsequently declined 
from 1900-1980. A decrease in precipitation would suggest more available entrainable 
materials deposited at GL, however, this is not reflected in the 20th century Ca records. 
Correlations between GL accumulation and Tuotuohe DM and NDM precipitation reveal 
no significant relationships. The lack of correlation may indicate that GL net accumulation 
does not reflect local precipitation trends due to annual ablation (i.e. sublimation and/or 
wind scouring) or that distance (~130 km) and elevation (~4,500 m) account for the 
observed differences. NCEP 1 (1949-2000) and 20CRV2 (1872-2000) reanalysis data from 
the TPgrid reveal no significant trends with the exception of a clear decline in annual 
precipitation, which would most likely lead to dustier conditions (Figure 2.2.). 
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Figure 2.7. Calcareous Soil Map.  GL site denoted by red circle (figure modified from 
International Center for Agricultural Research in the Dry Areas (ICARDA) (2008). 
 
 
Figure 2.8. Comparison between Ca concentration and Ca flux records. Gray lines 
represent annual values.  Black lines represent 11-year running-mean values. 
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Figure 2.9. Observations of dust storm days over north China [Qian et al., 2002] and TP 
stations: Heitian (37.11ºN; 79.92ºE), Tuotuohe (34.23ºN; 94.44ºE), Bange (31.40ºN; 
90.00ºE), Lhasa (29.64.11ºN; 91.14ºE) (data derived from National Climate Center 
Chinese Meteorological Administration). 
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Figure 2.10. NCEP 1: logCa Correlations a) DM zonal wind500mb  b) DM precipitation. c) 
DM temperature. d) DM geopotential height500mb  e) NDM zonal wind500mb  f) NDM 
precipitation g) NDM temperature h) NDM geopotential height500mb Black dots represent 
the GL site. Colors on map represent significance levels of p≤ .05. 
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Figure 2.11. Spatial correlations of 20CRV2 zonal wind and logCa. a) 500mb b) 400mb c) 
250mb.  Black dots represent the GL site r values > 0.19 = p values of < .05.  
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Table 2.2. A statistical summary of major soluble ions and trace elements at GL. 
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Table 2.3. GL major soluble ion and element EOF analysis. 
 
Table 2.4. GL major soluble ion and element mean concentrations and species burden 
(%). 
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Table 2.5. GL Ca correlations with Tibetan ice cores. 
  
		 46 
CHAPTER 3  
MID-TWENTIETH CENTURY INCREASES IN ANTHROPOGENIC Pb, Cd and 
Cu IN CENTRAL ASIA SET IN HEMISPHERIC PERSPECTIVE USING 
TIEN SHAN ICE CORE 
3.1 Abstract 
High-resolution major and trace element (Al, As, Ca, Cd, Co, Cr, Cu, Fe, Li, Mn, 
Na, Pb, S, Ti, and V) ice core records from Inilchek glacier (5,120 m above sea level) on 
the northwestern margin of the Tibetan Plateau provide the first multi-decadal ice core 
record spanning the period 1908–1995 AD in central Tien Shan. The trace element records 
reveal pronounced temporal baseline trends and concentration maxima characteristic of 
post-1950 anthropogenic emissions. Examination of Pb, Cd and Cu concentrations, along 
with non-crustal calculation estimates (i.e. excess (ex) and enrichment factor (EF)), reveal 
that discernable anthropogenic inputs began during the 1950s and rapidly increased to the 
late-1970s and early 1980s, by factors up to of 5, 6 and 3, respectively, relative to a 1910-
1950 means.  Pb, Cd and Cu concentrations between the 1950s-1980s are reflective of 
large-scale Soviet industrial and agricultural development, including the growth of 
production and/or consumption of the non-ferrous metals, coal and phosphate fertilizers. 
NOAA HYSPLIT back-trajectory frequency analysis suggests pollutant sources 
originating primarily from southern Kazakhstan (e.g. Shymkent and Balkhash) and the 
Fergana Valley (located in Kazakhstan, Uzbekistan and Kyrgyzstan). Inilchek ice core Pb, 
Cd and Cu reveals declines during the 1980s concurrent with Soviet economic declines, 
however, due to the rapid industrial and agricultural growth of western China, Pb, Cd and 
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Cu trends increase during the 1990s reflecting a transition from primarily central Asian 
sources to emission sources from western China (e.g. Xinjiang Province).   
3.2 Introduction 
Rapid twentieth century growth of industry and agriculture has led to large-scale 
increases in heavy metal concentrations in air, water and soil, threatening natural 
ecosystems and human health (Pacyna and Pacyna, 2001; Järup, 2003). Major 
anthropogenic sources include non-ferrous metal production, fossil fuel combustion (e.g. 
leaded gasoline, oil and coal), fertilizers and waste incineration. Human exposure to these 
heavy metals (e.g. Pb and Cd) can result in both acute and chronic ailments including 
detrimental impacts to the development of the nervous system and severe respiratory, 
kidney and bone disorders (Järup, 2003). The spatial impacts of heavy metal emissions can 
vary from local to global, as pollutants can be deposited near the emission source and 
transported long-distances (Knutson and Tu, 1996; Pacyna and Pacyna, 2001).  In recent 
decades research via various monitoring programs and emission inventories have been 
conducted to assess the impacts of heavy metals (e.g. Nriagu and Pacyna, 1988; Pacyna 
and Pacyna, 2001). Unfortunately, these studies are limited to the past few decades and 
thus are not long enough to determine natural background levels. Considering this 
limitation, ice core records offer the ideal natural archive for inferring the past atmospheric 
compositions of anthropogenic pollutants, as they can provide well-preserved, high-
resolution, multi-parameter glaciochemical data that predate the instrumental era. 
 
Ice core records have previously been utilized to reconstruct atmospheric heavy 
metal concentrations in the northern hemisphere (e.g. Boutron et al., 1991; Eichler et al., 
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2012, 2014; Hong et al., 2009; Kaspari et al., 2009; Li et al., 2006; McConnell et al., 2006; 
Osterberg et al., 2008; Schwikowski et al., 2004; Shotyk et al., 2005; Van de Velde et al., 
2000). These records have captured and revealed the spatial and temporal variability in the 
rise of atmospheric heavy metal concentrations during the rapid industrialization of the 
twentieth century, as well as subsequent emission reductions, reflective of regional 
pollution abatement legislation (i.e. North America and Europe) (Boutron et al., 1991; 
Fischer et al., 1998; Preunkert et al., 2001; Schwikowski et al., 2004; Van de Velde et al., 
2000), and/or declines in industrial production (e.g. Eastern Europe and Soviet Union) 
(Eichler et al., 2012, 2014). 
By the end of the twentieth century, Asia was estimated to be the largest emitter of 
anthropogenic atmospheric pollutants, including trace elements (Pacyna and Pacyna, 
2001). Central Asian countries (e.g. Kazakhstan, Kyrgyzstan, Uzbekistan), along with 
western China, contain large-scale mining industries and agricultural lands that have 
severely polluted the regional ecosystems, impacting human health (UNEP, 2003; WHO, 
2001).  High natural background levels of dust, originating from the arid regions of central 
Asia and western China (e.g. Kyzyl Kum, Kara Kum, Aral Sea region) and Taklimakan 
Desert), can conceal anthropogenic inputs and make the distinction between natural and 
anthropogenic sources more complex. Therefore, high-elevation Asian ice cores, further 
removed from dust influences, are essential to help determine the impact of atmospheric 
heavy metal pollutants and assess natural background concentrations. 
Previous Asian trace element ice core records that span multiple decades suggest 
that onsets of discernable anthropogenic inputs vary. Pb, Cd and Cu begin between the 
1930s and 1940s at Belukha (Eichler et al., 2012, 2014), Bi, U, Cs, As, Mo, Sn, and Sb 
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from Everest (Himalayas)(Kang et al., 2007; Kaspari et al., 2009; Hong et al., 2009) and 
Sb, Bi, Pb from Muztagh Ata (eastern Pamir) begin increasing between the 1950s and 
1970s (Y. Li et al., 2006). Minor contributions of Sb, Bi, and Pb have been suggested at 
Miaoergou glacier (eastern Tien Shan) between 1953–2004 (Liu et al., 2011). 
In the central Tien Shan, previous studies on trace elements have been limited, with 
the longest available records representing only a few years (1992-1998) (Kreutz & 
Sholkovitz, 2000). Here we present the first high-resolution multi-decadal (1908-1995) 
trace element records from Inilchek glacier (42.26°N, 80.42°E, 5,120 m a.s.l; Figure 3.1a.), 
located in the central Tien Shan, focusing on Pb, Cd and Cu concentrations. Inilchek 
Glacier serves as an excellent archive to reconstruct the regional evolution of 
anthropogenic pollutants, due to its proximity to major Soviet and Chinese (western 
province of Xinjiang) industrial and agricultural centers that developed rapidly during mid-
late twentieth century.    
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Figure 3.1. Location map. a) Map showing the location of the Inilchek glacier (red star), 
Northern Hemisphere ice core sites (1- Logan, 2-Eclipse, 3-Devon Island, 4-ATC2, 5-Colle 
Gnifetti, 6-Muztagata, 7-Dasuopu, 8-Geladaindong, 9-Belukha). b) Seasonal HYSPLIT 
frequency plot of seven-day annual back-trajectories for the period 1950−1995 using 
NCEP reanalysis 1. Back trajectories were run every 12 h. Population density data from 
Center for International Earth Science Information Network–CIESIN (2005).   
3.3 Methodology 
 
3.3.1 Ice Core Collection and Chemical Analysis 
In the summer of 2000, a collaborative ice core drilling expedition from the Climate 
Change Institute (CCI) (University of Maine), the University of Idaho and the University 
of New Hampshire was conducted on the Inilchek glacier (42.26°N, 80.42°E, 5,120 m 
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a.s.l), located in the Tien Shan in Kyrgyzstan. Two ice cores were retrieved during the 
expedition using the ECLIPSE solar powered electromechanical drill (Blake et al., 1998; 
Gerasimoiff and Wake, 2001) and were returned frozen to the U.S. for analysis (Kreutz et 
al., 2003). This paper presents the methodology and data from the higher elevation core, 
Core 2 (160.48 m, 5,120 m a.s.l.). 
Core 2 was processed using a discrete sampling (DS) method. Samples were 
sectioned on a modified band-saw set (stainless-steel blades; tabletops and saw guides 
covered with teflon) and were regularly cleaned with ethyl alcohol and deionized (DI) 
water (>18.2 MΩ). Sample resolutions between 8 and 160 m depth were 0.10 m. Each 
individual sample outer surface was scraped in a clean cold room using a clean plastic lathe 
with pre-cleaned ceramic blades wearing a non-particulating tyvek suit, face mask and 
wrist-length polypropylene (PP) gloves. Samples were then placed into Whirlpak bags and 
melted at room temperature. A total of 1,510 co-registered samples were collected into 
high-density polyethylene (HDPE) vials and polypropylene (PP) vials for analysis of stable 
water isotopes (δ 18O and δD) and trace elements (Al, As, Ca, Cd, Co, Cr, Cu, Fe, Li, Mn, 
Na, Pb, S, Ti, V). Vial-cleaning procedures for elemental analysis followed Osterberg et 
al. (2006). Stable water isotopes were analyzed at the Climate Change Institute and the 
University of Idaho using a Micromass Isoprime ion chromatograph, a VG/Micromass 
SIRA and Isoprime magnetic sector SIRA (Stable Isotope Ratio Analysis) mass 
spectrometer configured in continuous flow mode with an Eurovector Pyr-OH peripheral 
with LAS (Liquid Auto Sampler). Analysis of major and trace elements were conducted at 
CCI using a Thermo-Finnigan Element 2 inductively coupled plasma sector field mass 
spectrometer (ICP-SMS), respectively. The ICP-SMS is coupled with a microflow 
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nebulizer/desolvation introduction system to reduce potential spectroscopic interferences 
(Field and Sherrell, 2003; Gabrielli et al., 2006). ICP-SMS samples were acidified to 1% 
with double-distilled HNO3 and spiked with 1 ppb of indium as an internal standard under 
a class 100 High Efficiency Particle Air (HEPA) clean bench, and allowed to react with 
the acid for ten days before being frozen. Samples were melted at room temperature 
approximately 24 hours prior to analysis. A statistical summary of major and trace elements 
is presented in Table 3.1. In addition, Core 2 was analyzed at Lamont-Doherty Earth 
Observatory for 137Cs at approximately 1 m sample resolution using outer ice core cuts.        
 
Table 3.1. A Statistical summary of major and trace element concentrations determined at 
Inilchek. 
3.3.2 Inilchek Time-scale 
The Inilchek (Core 2) was annually dated to 1908 AD at a depth of ~160 m.  The 
depth-age scale was based primarily on the annual layer counting (ALC) of clear sub-
annual (seasonal) variation of stable water isotopes (δ 18O and δD) (Figure 3.2a.). Although 
the majority of precipitation in the Inilchek Valley occurs during the summer (Aizen et al., 
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1997; Kreutz et al., 2000), physical stratigraphy studies at Inilchek suggest that sufficient 
winter precipitation exists and that sine wavelike variability of δ 18O and δD most likely 
includes January-December accumulation (Aizen et al., 2004; Kreutz & Sholkovitz, 2000). 
The variability of stable water isotopes (δ18O and δD) is assumed to represent a first-order 
relationship with temperature and is based on Inilchek physical stratigraphy and regional 
precipitation studies that reveal strong correlations between temperature and δ 18O 
(r2=0.82) (Kreutz et al. 2003; Yao et al., 1999). Therefore, more depleted isotope values 
represent colder periods (e.g. mid-winter) and less depleted stable isotopes represent 
warmer periods (e.g. mid-summer). Secondary ALC parameters relied on seasonal 
deposition of elemental species (e.g. Ca, Pb). In addition to ALC, the depth-time scale was 
determined utilizing 137Cs activity (Figure 3.2a.). 137Cs activity rises above natural 
background levels between the mid-1950s and early 1960s reflecting the period of above 
ground nuclear testing.  The maximum 137Cs peak corresponded with ALC year 1963 
reflecting the greatest amount of fallout from above ground nuclear weapons testing 
(Anspaugh et al., 2000) prior to the adoption of a ban on atmospheric nuclear weapons 
testing.  Dating uncertainties are estimated at ±0 years at 1963 (~78 m) and ±1 years at 
1923 (~138 m) and ± 3 at 1908 (159 m). 
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Figure 3.2. Inilchek ice core timescale development: a) Seasonal δD variation and 137Cs 
profile. b) Example of sub-annual variations of δD, Pb, Cd, Cu and Al. Black-lines 
representing δD profiles are overlain Pb and Cd to highlight seasonal timing. 
3.4 Results and Discussion 
 
3.4.1 Seasonal Variability 
 
Sub-annual time-series (~18 samples/year between 1908-1995) were compared to 
stable isotopic ratios (δ18O and δD) to help identify seasonal timing. Element 
concentrations suggest primary deposition within the relatively warmer periods of the year 
(e.g. spring- autumn). However, Pb and Cd generally display concentration maxima during 
the warmest periods (e.g. summer) (Figure 3.2b.). Based on regional weather station data 
(e.g. Tien Shan (~3600m) and Chonashu (~2800m)) ~50% of precipitation occurs between 
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June and August (Central Asia Database), however at higher elevations up to 80% of 
summer precipitation has been suggested (Aizen et al., 1997; Kreutz et al., 2001). Overall 
depositional timing of elements (spring-autumn) coincides with enhanced regional 
atmospheric entrainment of dust aerosols throughout central Asia (Indoitu et al., 2012).  
However, due to the high elevation of the Inilchek site, element timing may equally be a 
function of seasonal planetary boundary layer (PBL) processes that control the exchange 
of aerosols into the free troposphere. During warmer seasons (e.g. summer) vertical 
convective transport is enhanced to higher elevation regions, while it is impeded during 
colder seasons (e.g. winter) (Schwikowski et al., 2004; Eichler et al., 2014). Seasonal back-
trajectory frequency analysis shows that Inilchek air-masses are primarily westerly and 
thus likely receive aerosols from central Asian countries (e.g. Kyrgyzstan, Kazakhstan, 
Tajikistan, Turkmenistan and Uzbekistan), Russia, western China, the Middle East and 
Europe (Figure 3.1b.). However, the highest percentage of back-trajectory frequencies 
(>10%) extended over Kyrgyzstan, southern regions of Kazakhstan, eastern Uzbekistan 
and western China. Winter (DJF), spring (MAM) and autumn (SON) reveal generally 
similar high frequency patterns, which suggest more westerly air masses. Summer (JJA) 
trajectories, however, although reflecting a westerly flow, suggest more trajectories 
originating from the north, south and east of Inilchek (Figure 3.1b.). This variance in 
trajectories is likely a result of summertime weakening of westerly circulation strength, 
which allows greater meriodional flow. At Inilchek, summertime southeasterly Föhn 
winds, that transport air masses from Xinjiang Province, China, were reported to occur 
33% of the time (Aizen et al., 1997) and were cited to explain loess proxy variability of 
Chinese loess in a 1998 shallow ice core (Kreutz and Sholkovitz, 2003).   
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3.4.2 Empirical Orthogonal Function (EOF) Analysis 
 
Empirical Orthogonal Function (EOF) analysis was performed on sub-annual 
samples to reveal shared variance and help identify common sources and/or transport 
pathways between elements (Supplementary Table 3.2.). EOF 1 represents ~64% of the 
total variance and is strongly loaded (>85%) by common dust tracers (e.g. Al and Ti) as 
well as significant loadings of potential anthropogenic species (e.g. Pb (48%) and Cu 
(59%)), suggesting a potentially combined natural and anthropogenic signal via common 
transport pathways. EOF 2 represents ~10% of the total variance and is primarily loaded 
by common evaporite (e.g. gypsum (CaSO4.2H2O) and halite (NaCl)) derived dust species 
(Ca, S and Na) that are abundant throughout central Asia (International Center for 
Agricultural Research in the Dry Areas (ICARDA), 2008). Similarly, EOF 4, which is 
singularly and strongly loaded by Ca, likely represents calcareous (CaCO3) soils that are 
abundant through central Asia. EOF 3, 5 and 6, which together represent ~14% of the total 
variation, are significantly loaded by Pb, Cd, and Cu and are suggestive of anthropogenic 
sources, such as non-ferrous metal production, fertilizers and fossil fuel burning (e.g. coal 
and gasoline consumption) (Pacyna and Pacyna, 2001). 
3.4.3 Twentieth Century Trends of Pb, Cd and Cu Concentrations 
Inilchek element time-series of Pb, Cd and Cu are presented in Figure 3.3a. Annual 
concentrations are reported rather than flux, as dry vs. wet deposition rates are not well 
constrained and there are no correlation strengths between annual element concentrations 
and annual accumulation rates to justify flux corrections (Supplementary Table 3.3.). 
Annual concentration time-series of Pb, Cd and Cu display decadal trends marked by short-
term interannual variability.  Multi-year trends in Pb and Cd reveal relatively low and stable 
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concentrations during the 1908-1950 time-period followed by increases between the late 
1950s and late-1970s (~factors of 5 and 4, respectively). Subsequently during the1980s, Pb 
and Cd concentrations both decrease; however, Pb exhibits a much larger magnitude and 
longer duration change, reaching pre-1970 concentrations by the late 1980s. Cd 
concentrations begin to increase in the mid-1980s and exceed pre-1950 concentrations by 
a factor of ~6.5 during the early-mid 1990s.  Similarly, Pb concentrations begin to rise in 
the late-1980s, to concentrations similar to the 1970s. Cu, relative to Pb and Cd, exhibits 
greater multi-year and inter-annual variability during the 1908-1950 time-period. Post-
1960, Cu displays similar rises (although lesser magnitude, ~factor of 3) to the early 1980s, 
followed by declines during the 1980s and rises during the early-mid 1990s. Similar to Cd, 
multi-year Cu concentrations were highest in the 1990s. Based on the low concentrations 
during the early 1900s and the significant increases during the mid-late twentieth century, 
Pb, Cd and Cu records are suggestive of large-scale industrial and agricultural activities. 
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Figure 3.3. Annual element time series. a) Annual concentrations of Pb, Cd and Cu. b) 
Annual excess (ex) (bar) and enrichment factor (EF) (line) time-series of Pb, Cd and Cu 
time-series. For Cuex time-series, tan bars represent ex concentration using crustal 
reference elements Al, Ti, Mn and V; orange bars represent ex concentration using crustal 
reference element Ca. 
3.4.4 Natural vs. Anthropogenic Sources 
 
 Natural sources of Pb, Cd, and Cu include mineral dusts, sea salts, volcanic 
emissions, forest fires, and biogenic emissions (Nriagu, 1989). Due to the abundance of 
regional dust sources in central Asia, natural variations from atmospheric dust 
concentrations potentially reaching Inilchek cannot be excluded. To account for natural 
crustal inputs, excess (ex) and enrichment factor (EF) calculations were utilized to 
characterize the non-crustal contributions of the element time-series. Both calculations 
were used and examined to limit potential bias, including ubiquitous global upper 
continental crustal (UCC) element ratio assumptions and potential element dissolution rate 
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variability during acid digestion that may impact EF values (Rhodes et al., 2011). Excess 
concentrations were derived using the equation: Excess [x] fraction = x – [R][r], where x = 
element of interest, r = conservative crustal element and R = reference ratio [x/r]. R 
represents an Inilchek ice core element ratio from the 1908-1920 reference baseline. The 
time-period 1908-1920 was selected as it is the oldest part of the ice core and pre-dates 
large scale Soviet industrialization in central Asia, which did not begin until the late 1920s 
(Roudik, 2007).  EF values were calculated using the equation: EF [x] = [x/r]sample /[x/r]UCC, 
where x = the element of interest and r = the conservative crustal element. UCC 
concentrations were taken from Wedepohl (1995).  Previous research suggests that EF 
values between +10 and –10 are indicative of dominant inputs from rock/soil dust, while 
EF values >10 suggest non-crustal (e.g. anthropogenic) influences (Barbante and others, 
2003). Commonly assumed dust tracers and EOF 1 dominate (>84%) elements Al, Ti, Mn 
and V, were selected as conservative crustal references. Multiple reference elements were 
selected to reduce any bias from a single element. Inilchek ex and EF time-series of Pb, Cd 
and Cu are presented in Figure 3.3b. Based on ex concentrations and EF value trends, 
discernable levels of anthropogenic Pb and Cd begin to reach Inilchek during the 1950s 
and 1960s.  By the mid-late 1970s non-crustal inputs account for ~50% of the loading. Pbex 
and PbEF generally display decreases during the 1980s and increases into the 1990s, with 
ex concentrations representing ~40-50%. Cdex and CdEF display increases during the mid-
1980s and 1990s represent between ~60-80%. In contrast, Cuex and CuEF suggest primarily 
crustal sources with discernable multi-year, non-crustal inputs (> 0 for ex and >10 for EF) 
only beginning the late 1970s and reaching maximums in the 1990s.  
 Here we investigate the potential spatial and temporal limitations of utilizing 
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conservative crustal species assumptions. Inilchek glacier is in close proximity to central 
Asian industrial and agricultural regions, which were rapidly expanding during the mid-
1900s. SU mineral mining increased rapidly between the 1950s-1970s, including mining 
of conspicuous sources of assumed conservative crustal species, such as Al (bauxite) and 
Ti which increased in production during this period by factors of 11 and 55, respectively 
(Rubinstein, 2002). Bauxite mining requires large-scale excavation of open pit mines that 
entrain dust during overburden removal and expose highly enriched Al and other heavy 
metal waste sources, such as tailings, to aeolian processes. The Torgay mine, located in 
Arkalyk, Kazakhstan, began operations in 1955 and became a major source of bauxite in 
the SU (Mining-Atlas, n.d.). Hence, the determination of non-crustal contributions, based 
on assumed conservative crustal species (e.g. Al, Ti, Mn, V), at Inilchek may be 
significantly underestimated due to its close proximity to large mining activities. Support 
for post-1950 anthropogenic Al was reported regionally in the Belukha ice core, and 
attributed to enhanced mining activities (Eichler et al., 2012, 2014).  
 At Inilchek, pre-1950s comparison of Pb and Al is prominently highlighted by 
distinct differences in baseline trends, suggesting varying sources (Figure 3.4.). Al 
concentrations display significant increases/decreases between 1930-1950, while Pb 
remains stable. In contrast, post-1950, Pb and Al display similar baseline trends as well as 
reaching time-series baseline concentration maximums, that coincide with intensified 
anthropogenic activities characteristic of the mid-late twentieth century, therefore 
potentially represent significant anthropogenic contributions, rather than only natural dust 
emissions. Global estimates of anthropogenically-entrained dust vary substantially ranging 
from minor contributions (Tegen et al. 2004; Mahowald et al. 2004) to upper limits of 50% 
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(Luo et al. 2003). Additionally, regional dust storm activity may control Al element 
concentrations. Previous work by Indoitu et al. (2012) examined dust storm observations 
from central Asian meteorological stations for the period 1935 to 2005 and found that 
regionally, the 1940s to1960s was the dustiest period, with regional decreases occurring 
during the 1980s and remaining low through the 1990s. An exception to regional trends 
was in the northern Aral Sea region (e.g. Aralsk), where dust storm activities were highest 
in the 1980s and 1990s. The increases in dust storms have been attributed to the desiccation 
of the Aral Sea (Indoitu et al., 2012), which began in the 1960s and by 1989 had lost ~40% 
of its area, exposing large areas of entrainable sediments (Micklin, 2007). Overall regional 
dust storm trends and northern Aral Sea trends do not coincide with Inilchek Al trends that 
display 1970s maximums, but rather regional dust storm trends coincide with Ca that 
exhibit the highest concentrations during the 1950s (Figure 3.4.).  Similarly, dust storm 
activity to the south and east of Inilchek in Xinjiang has exhibited long-term declines since 
the 1950s and 1960s to the end of the 1990s (Qian et al., 2001; Wang et al., 2004). 
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Figure 3.4. Robust splines of annual Cd, Pb, Cu, Al and Ca time-series. Numbered bars 
represent initial operations at mineral mining/smelting complexes 1) Balkhash 2) 
Shymkent 3) Almalyk 4) Torgay 5) Zhezkazgan. 
Ex calculations of Pb, Cd and Cu, using only Ca as an assumed conservative crustal 
reference, reveal similar trends, however higher concentrations during the 1970s and 1990s 
and lower concentrations in the 1980s, potentially suggesting underestimations of ex 
concentrations using crustal reference elements Al, Ti, Mn and V. Cuex concentrations 
suggest multi-year, non-crustal contributions, beginning in the late 1960s and increasing 
through the early 1980s, representing 40 to 50% of the Cu load, that in the mid-late 1980s 
and 1990s increased 0 and ~40%, respectively. EF values also reveal similar trends, 
although overall, values are significantly lower, resulting from abundant calcareous soils 
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in central Asia (ICARDA, 2008). Mean Inilchek Ca/Al ratios are ~30 times larger than 
UCC ratios. A previous shallow core from Inilchek that utilized HF-digested samples 
reported Ca/Al ratios to be 200 times the UCC ratio (Kreutz et al., 2003).  
3.4.5 Anthropogenic Sources and Northern Hemispheric Trends of Pb, Cd and Cu 
To help verify anthropogenic contributions to atmospheric chemistry, Inilchek 
time-series were compared to previously compiled historical records of mineral production 
and/or consumption (Historical Database of the Global Environment (HYDE) database; 
Food and Agriculture Organization (FAO) database; British Geological Survey (BGS) 
database; British Petroleum (BP) database).  Inilchek Pb concentrations display similar 
trends to Soviet Union (SU)/Commonwealth of Independent States (CIS) Pb production 
and smelting (HYDE data), with corresponding maxima during the mid-late 1970s and 
rapid declines in the 1980s (Figure 3.5a.). We note the potential bias of comparing national 
level production with a specific site location, however, Kazakhstan, as of 1975, produced 
73% of the SU/CIS Pb smelter output (Rubinstein et al., 2002; Jenson et al., 1983).  
Summertime (JJA) back-trajectories suggest primarily sources from the west in Krygzstan 
and south Kazakhstan, including the Fergana Valley and the cities of Shymkent, Bishkek, 
Karokol, and Almaty (Figure 3.6.). Shymkent and the Fergana Valley are the most probable 
sources. The first Pb smelter was built in Shymkent during the 1930s and the city has 
subsequently represented, at times, 70 to 90% of SU Pb manufactured  (USGS, 1994). The 
Fergana Valley has previously been identified as a major source of CIS Pb emissions 
(NILU, 1984). It contains several large Pb mines, including the Almalyk mining-
metallurgical complex, which was built in the early 1950s, coinciding with the initial rise 
in Pb at Inilchek (Figure 3.4.). Kakareka et al. (2004) estimated that 1990 Pb emissions in 
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the central Asian republics’ (e.g. Kazakhstan, Kyrgyzstan, Uzbekistan) represented 60% 
industrial sources and 35% transportation sources, while stationary fuel combustion (e.g. 
oil and coal combustion) accounted for ~1%. Available SU light distillate data and direct 
gasoline consumption data suggest that Pb increased throughout the 1970s, reached a peak 
~1980 and remained stable throughout the 1980s (BP data; Tretyakova and Kostinsky, 
1987). Inilchek Pb records are consistent with a primarily Pb production signal, with 
considerable regional Pb emissions derived from the combustion of leaded gasoline, 
especially from densely populated areas, such as Almaty, Bishkek and the Fergana Valley. 
A ban on Pb-additives in the region (e.g. Russia, Kyrgyzstan and Kazakhstan) was not 
implemented until the early 2000s. We are unaware of any Pb-additive reductions that took 
place in central Asia during the 1980s that can account for the Inilchek Pb record.  
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Figure 3.5. Comparisons between Inilchek Pb, Cd and Cu and production and consumption 
data. a) Inilchek Pb and Pbex compared CIS Pb production (light green circles), CIS Pb 
smelting (dark green circles) and Xinjiang coal consumption (black squares). b) Inilchek 
Cs and Cdex compared CIS Coal production (gray circles) and CIS phosphate fertilizer 
consumption (blue squares). c) Inilchek Cu and Cuex compared with CIS Cu production 
(yellow circles). 
 In contrast to the 1950s to1980s, Inilchek Pb concentration trends during the late-
mid 1980s-1990s are not suggestive of CIS Pb production, which had been reduced 
following the collapse of the Soviet Union in 1991(BGS data). These Pb trends may reflect, 
in part, increases in urban traffic emissions in Kyrgyzstan and Kazakhstan, which were 
estimated at 24% between 1990 to 2000 (Balance and Pant, 2003), however, it may more 
likely reflect the rapid growth of pollutant sources from western China (i.e. Xinjiang 
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Province) during the 1980s and 1990s.  Between 1985 and 1995, Xinjiang energy 
production and consumption (primary coal and crude oil) increased by ~30% and ~50%, 
respectively (Tang et al., 2009) (Figure 3.5a.). Although air mass trajectories exist year-
round to justify pollutant inputs from nearby Xinjiang sources (e.g. Aksu is located only 
~100 km from Inilchek glacier), higher summertime concentrations of Pb coincide with 
weakened westerly transport and enhanced air mass transport from western China. 
Comparisons between JJA back-trajectory frequencies suggest enhanced air mass transport 
from Xinjiang relative to the 1970s, and may additionally explain increased 1990s 
concentrations than only regional pollutant emission strength variability (CIS vs. Xinjiang) 
(Supplementary Figure 3.8.). 
Anthropogenic sources of Cd in central Asia have primarily been suggested to 
originate from non-ferrous metal production (e.g. Pb and Cu) (Kakareka et al., 2004). CIS 
estimates of atmospheric Cd attribute ~70% to non-ferrous metal production and ~20% to 
fossil fuel combustion, although these estimates do not include phosphate fertilizers, a 
potential major source of Cd (Pacyna & Pacyna, 2001). Inilchek Cd displays similar trends 
to CIS Pb, Cu, and coal production (HYDE data) with decline onsets similar to Pb 
production and decline magnitudes similar to Cu production (Figure 3.5b.). In contrast, 
Cdex and CdEF trends suggest a stronger relationship to phosphate fertilizer consumption 
and production (FAO data), displaying similar increasing trends and simultaneous peaks 
in the mid-1980s, followed by declines to 1990. The non-ferrous metal and fertilizer 
industries, along with large agricultural areas in Fergana Valley, are the likely sources of 
Cd, as they are located within the highest air mass trajectory frequencies (Figure 3.6.). The 
Fergana Valley was identified as the largest emitter of SU Cd in 1979-80 (NILU, 1984). 
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Additional Cd sources include agricultural regions surrounding Bishkek and Almaty. The 
large increases in both Cd and Cdex during the 1990s cannot be explained by post-SU 
(1992-1995) Cd production and/or coal consumption data from central Asia which showed 
declines in the 1990s (BGS data; BP data). Rather, Cd inputs may reflect increases in 
Xinjiang fossil fuel burning and/or enhanced fertilizer (e.g. phosphate) use due to rapid 
increases in cotton production during the 1990s (Leiwen et al., 2005).  
Inilchek Cu trends exhibit similar post-1950 trends with CIS Cu production (HYDE 
data), displaying increases until the late 1970s- early1980s, followed by declines during 
the mid-late1980s (Figure 3.5c.). Back-trajectories suggest sources may include major Cu 
smelting/refining complexes in Balkhash and Zhezkazgan (Kazakhstan), and Leninabad 
and Almalyk (Uzbekistan) (Figure 3.6.). Balkhash Cu is significantly sourced from the 
Kounrad mine, which started operations in the late 1920s and subsequently became one of 
the largest sources of Cu in the CIS. Balkhash complex Cu production experienced a 25% 
decline in Cu production between 1979-1985 (International Monetary Fund, 1991). This 
decline is much larger than the complied CIS Cu production displays and reveals a greater 
similarity to Inilchek Cu declines during the same period. Extracting Cu commonly 
requires large open pit mines that emit dust during overburden removal, as well as exposing 
highly enriched mineral waste tailings to wind transport. Fugitive dust, containing high 
concentration heavy metal waste, enriched in elements such as Cu, Al, Fe, Mn, and As, 
may explain the common post-1950s trends exhibited by most Inilchek elements. High Cu 
and Cuex concentrations in the 1970s-early1980s follow the opening of the Zhezkazgan 
mining complex in Kazakhstan in the early 1970s (Figure 3.4.). The high Cu and Cuex 
concentrations exhibited during the 1990s do not reflect declining post-SU (1992-1995) 
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Kazakhstan Cu production (BGS data). The extent and presence of non-ferrous metal 
production in Xinjiang prior to 1995 is unclear, however, other sources of Cu exist. 
Enhanced Inilchek Cu may reflect the increased use of Cu-fertilizers and/or Cu-
herbicides/fungicides during the rapid expansion of agriculture in Xinjiang during the 
1990s. 
 
Figure 3.6. Mineral and Fertilizer production locations denoted by colored circles (USGS 
database): Pb (green), Cu (orange), bauxite (gray) and fertilizers (dark blue). Inilchek 
glacier (red star). Numbered locations represent mineral complexes: 1) Balkhash 2) 
Shymkent 3) Almalyk 4) Torgay 5) Zhezkazgan.  White circles indicate cities. Seasonal 
NOAA HYSPLIT frequency plots of seven-day back-trajectories for MAM (green 
borders), JJA (blue borders), and SON (dark-gray borders) during the period 1950−1995 
using NCEP reanalysis 1. Back trajectories were run every 12 h. Population density data 
from Center for International Earth Science Information Network–CIESIN (2005).  
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3.4.6 Northern Hemispheric Variability of Pb, Cd and Cu 
 
Compilations of northern hemispheric ice core records are presented in Figure 3.7. 
to illustrate regional onsets of anthropogenic contributions of Pb, Cd and Cu for the period 
of 1800 to 2000. Inilchek Pb (Figure 3.7a.) concentrations reveal similar trends to nearby 
sites Muztagata (East Pamir) and Belukha (Altai), displaying rapid increases between the 
1950s- 1970s and declines during the mid-late 1970s to1980s. However, differences are 
apparent as Inilchek and Muztagata display increases between the late 1980s and mid-
1990s, while Belukha shows declines into the 1990s. Muzagata and Inilchek sites are 
located in border regions between central Asian (e.g. Shymkent and Fergana Valley) and 
western Chinese (e.g. Kashgar and Aksu) industrial and agricultural regions. Therefore, 
these sites likely capture anthropogenic records containing both industrial SU Pb histories 
and the growth of energy consumption (e.g. coal and leaded-gasoline) in Xinjiang. 
Anthropogenic Pb at Belukha emerges 10-20 years prior to Inilchek, with maximum 
concentrations occurring slightly earlier between 1970 and 1975, followed by declines to 
the 1990s. These differences are likely a result of emission source regions. Belukha Pb 
trends (1935-1995) are attributed to Eastern European transportation and industrial sources 
(Eichler et al, 2012). Both records coincide with nationwide Soviet economic declines in 
the late 1970s and 1980s and therefore differences in timing may reflect varying regional-
scale economics. In contrast to central Asian sites, western European (Colle Gnifetti) and 
North American (Greenland and Devon Island) sites, reflect earlier western 
industrialization, attributed to mid-to-late 19th century increases in industrialized coal 
burning and twentieth century increases in leaded gasoline usage. These records also 
display declines beginning in the early 1970s, although this has been attributed to strong 
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air quality legislation and the phase-out of leaded gasoline, rather than economic factors 
(Schwikowski et al., 2004; McConnell et al., 2006; Shotyk et al., 2005).  
 
 
Figure 3.7. Northern Hemisphere ice core records (references in text). a) Pb for data Colle 
Gnifetti, Belukha, Inilchek, Muztagata, Geladaindong, Dasuopu, Logan, Eclipse, Devon 
Island and Greenland ACT2. b) Cd data for Colle Gnifetti, Belukha, Inilchek, 
Geladaindong and Greenland ACT2. c) Cu data for Colle Gnifetti, Belukha, and Inilchek. 
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East Asian and Indian anthropogenic Pb records have been derived from Logan and 
Dasuopu, respectively, revealing Pb increases beginning in the 1960s-1970s and persisting 
to the present (i.e. drill year) (Osterberg et al., 2008; Thompson et al., 2000; Huo et al., 
1999). Despite the strong indications of significant anthropogenic Pb inputs on the 
periphery of the Tibetan Plateau (TP) (e.g. Dasuopu (Himalayas) and Muztagata (East 
Pamir)) by the 1960s, ice core records from Geladaindong (GL), in the interior of the 
Tibetan Plateau, suggest that anthropogenic Pb had not exceeded natural background dust 
concentrations by the late 1970s-early 1980s (Supplementary Table 3.4.) (Grigholm et al., 
2015). Interestingly, the Eclipse ice core, located near Logan in the Canadian Yukon, has 
been attributed to pollutants originating from both North America and eastern Asia. While 
Pb concentrations reveal similar declining trends to Greenland and Devon Island, 
206Pb/207Pb ratios suggest increasing East Asian anthropogenic Pb sources (Gross et al., 
2012). 
The earliest anthropogenic Cd records (Figure 3.7b.) are from Greenland and 
display late ninetieth century rises and mid-twentieth century declines, attributed to North 
American and European coal consumption (McConnell and Edwards, 2008). While in 
Europe, Colle Gnifetti has been attributed to non-ferrous metal production displaying 
generally increasing concentrations to the late 1900s (Van de Velde et al., 2000). In central 
Asia, Belukha and Inilchek reveal abrupt increases in the early 1950s, reflecting rapid 
increases in non-ferrous metal production, as well as coal and fertilizer consumption. 
Belukha trends suggest that non-ferrous metal production and coal are major sources as 
concentrations decline post-1975. Inilchek may suggest stronger influences by phosphate 
fertilizer emissions pre-1990, while post-1990 sources are likely derived from enhanced 
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fertilizer use and coal burning in Xinjiang. It is unclear whether Belukha experienced 
similar Cd rises during the 1990s, as available records begin in 1991. Cd records from 
Geladaindong suggest that by 1982 discernable Cd pollution was not reaching the interior 
of the Tibetan Plateau or that natural background concentrations of mineral dust were 
masking anthropogenic inputs (Supplementary Table 3.3.) (Grigholm et al., 2015). 
To our knowledge Cu records are only available from three sites in the northern 
hemisphere Colle Gnifetti (Van de Velde et al., 2000), Belukha (Eichler et al., 2014) and 
Inilchek (this work) (Figure 3.7c.). Colle Gnifetti suggests anthropogenic inputs (e.g. Cu 
production) in Europe, beginning in the early 1900s and displays increases until the 
~1960s, followed by general declines to the 1990s and a large increase in the mid-1990s 
(Van de Velde et al., 2000). In central Asia, Belukha reveals a prominent shift post-1950, 
followed by increases to late 1970s – early 1980s, followed by declines to 1991, reflecting 
SU Cu production. However, baseline concentrations at Belukha suggest high 
concentrations during the mid-1960s, which is earlier than SU Cu production peaks and 
similar to Colle Gnifetti maximums. This may suggest that Belukha captured earlier 
European Cu emission peaks, as well as subsequent maximums of SU Cu. This 
interpretation is similar to the long-distance westerly transport attributed to Belukha Pb 
from eastern Europe (Eichler et al., 2012). Interestingly, Belukha Cu concentrations reveal 
a greater frequency and magnitude of interannual variability post-1950, during dominant 
anthropogenic inputs, when compared to the pre-industrial era. This behavior may suggest 
more variable controls of Cu inputs from sources such as fugitive dust from open-pit mines 
and may suggest similar inter-annual variability controls of Inilchek Cu pre-1970, as open-
pit mines such as Kounrad, have been in operation since the late 1920s. Coinciding high 
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concentrations during the 1990s at Inilchek and Colle Gnifetti are likely unrelated due to 
source distance and varying long-term trends during the 1900s. Belukha Cu, post-1991, 
may exhibit similar trends to Inilchek during mid-1990s as it also receives air masses from 
western China provinces (e.g. Xinjiang).  
3.5 Conclusion  
 
This study presents the first high-resolution, multi-decadal (1908-1995) trace 
element ice core record from Inilchek glacier in the central Tien Shan. Seasonal variability 
of element concentrations and stable water isotope analysis reveal dominant warm period 
(e.g. summer) deposition. Decadal trends of trace element records reveal pronounced 
temporal baseline concentration maximums that are characteristic of post-1950 
anthropogenic activities and indicate that atmospheric composition has been significantly 
altered at Inilchek during the twentieth century. Examination of Pb, Cd and Cu 
concentrations, along with non-crustal calculation estimates (i.e. excess and enrichment 
factor), reveal discernable anthropogenic inputs beginning in the 1950s and rapidly 
increasing to the late-1970s and early 1980s, by factors of up to 5, 6, and 3, respectively, 
relative to a 1910-1950 mean. However, due to the rapid growth of large-scale mining 
activities between the 1950s and 1970s, enhancing entrainment and enriching mineral dust 
compositions (e.g. Al, Ti, Mn, V, As), commonly assumed crustal reference species, may 
be biased and could underestimate non-crustal contributions at Inilchek. Therefore, 
complimentary methods (e.g isotopic analysis) should be used to differentiate element 
sources in future studies.  
 Between the 1950s and 1980s, Pb, Cd and Cu are highly reflective of CIS/FSU 
industrial and agricultural production trends, including non-ferrous metal, coal and 
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fertilizer production and consumption. Complimentary JJA back-trajectory frequency 
analysis suggests pollutant sources originating primarily from southern Kazakhstan (e.g. 
Shymkent and Balkhash) and the Fergana Valley (located in Kazakhstan, Uzebekistan and 
Kyrgyzstan). Due to the decline of the Soviet economy in the 1980s and the subsequent 
collapse in the early 1990s, coupled with the rapid development of western China’s 
industry and agriculture, dominate warm period (e.g. summer) pollutant air-mass transport 
concentrations have transitioned from central Asian sources to dominant emission sources 
in western China (e.g. Xinjiang Provence). Since 1995, central Asian countries (e.g. 
Kazakhstan, Uzbekistan and Kyrgyzstan) have re-established and, along with Xinjiang 
province, have expanded industrial activities (e.g. mining). Therefore, trace element 
records from Inilchek provide not only a historical record of the rapid industrialization of 
central Asia during the twentieth century, but also provide a baseline for future monitoring 
of atmospheric composition in the region. 
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3.6 Supplementary Material  
 
Table 3.2. EOF analysis (%) of sub-annual Inilchek elements from the period 1908-1995. 
3.6.1 Annual Accumulation and Annual Flux Calculations 
To determine any significant accumulation biases in the time-series, annual fluxes 
were calculated by multiplying the annual concentration by the annual water-equivalent 
(weq) accumulation rate (weq = density x annual layer thickness). Annual accumulation 
rates were estimated using a Nye model (λ/λo=z/ho), where λ = the thickness of an annual 
layer at height z, and ho = the total ice thickness at the time and place at which the annual 
layer was deposited (Nye, 1963). Thickness of glacier of was 300 meters and based on 
Aizen et al. (2001) estimates. 
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Table 3.3. Element and accumulation correlation coefficients. 
 
 
Figure 3.8. JJA NOAA HYSPLIT frequency plots of seven-day back-trajectories using and 
NCEP reanalysis 1. 1970-1980 frequency outlined by black border. 1990-1995 frequency 
outlined by blue border. Back-trajectories were run every 12 h. Inilchek glacier (red star). 
White circles indicate cities. Population density data from Center for International Earth 
Science Information Network–CIESIN (2005).  
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Table 3.4. A statistical summary of raw Pb and Cd concentrations determined at 
Geladaindong (1477-1982 AD). 
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CHAPTER 4  
A TWENTIETH CENTURY MAJOR SOLUBLE ION RECORD OF DUST AND 
ANTHROPOGENIC POLLUTANTS FROM INILCHEK GLACIER, TIEN SHAN 
4.1 Abstract 
 
Using a high-resolution (~18 samples/year) major soluble ion record (Na+, K+, 
Mg2+, Ca2+, Cl-, NO3- and SO42-) covering the period 1908-1995 AD from the Inilchek 
Glacier, Tien Shan, Kyrgyzstan we provide a detailed climate and environmental proxy 
record for the region. Chemical concentrations, EOF analyses and non-crustal excess 
calculations are used to identify natural and potential anthropogenic depositional 
trends. Dominant dust proxy species (i.e. Ca2+) reveal highest concentrations during the 
1950s-1970s, with declining decadal trends through the end of the record, likely reflecting 
decrease in regional dust storm activity in central Asia post-1950, that has been associated 
with coupled atmospheric circulation variability and anthropogenic activities. Comparison 
between Ca2+ and ERA-interim (1979-1995) climate reanalysis data indicates a strong 
relationship to spring (March, April and May (MAM)) surface pressure patterns in 
northwest China and southern Siberia associated with the Siberian High (SH). Non-crustal 
contributions (excess) estimates of NO3-, K+, SO42-, and Cl- concentrations suggest 
discernable anthropogenic inputs began between the 1950s-1970s, increased into the 
mid/late1980s and declined in the 1990s. Excess trends coincide with Former Soviet Union 
(FSU) consumption, production and emission of fossil fuels and fertilizers, reflecting the 
rapid growth of agriculture and industry, as well as economic declines in the mid-late 
1980s/early 1990s. Excess-Cl- trends reflect timings that coincide with the construction of 
the Pavlodar Chemical Plant and the military production of Cl2 in Kazakhstan. NOAA 
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HYSPLIT back-trajectory frequency analysis suggests eastern Uzbekistan (e.g. Fergana 
Valley), Kyrgyzstan and southern Kazakhstan as the primary pollutant sources to the study 
region. 
4.2 Introduction  
 
Natural and anthropogenic aerosols play an important role in the climate system, 
interacting with shortwave and longwave radiation, acting as cloud condensation nuclei, 
and providing nutrients for biological systems [Pruppacher and Klett, 1978; Tegen et al., 
1996; Li-Jones and Prospero, 1998; Zhang and Carmichael, 1999; Mahowald et al., 2005], 
as well as impacting ecosystems and human health through dust storm activity, acid rain 
and other changes in air quality [Lai and Cheng, 2008; Singh and Agrawal, 2008]. Over 
recent decades, monitoring programs and emission inventories have expanded, allowing 
better assessment of the variability of natural and anthropogenic aerosols on local to global 
scales [e.g. Nriagu and Pacyna, 1988; Pacyna and Pacyna, 2001]. However, these studies 
are temporally and/or spatially limited, and cannot be utilized to assess long-term trends or 
natural background levels. Ice core records provide the most direct and detailed way to 
investigate pre-instrumental variations, capturing high-resolution, multi-parameter 
physical and chemical records of past atmospheric conditions. Mid-latitude, high-elevation 
glaciers are particularly important sources for ice core records, as they are close to natural 
dust sources and population centers. Therefore, ice core records retrieved from these 
glaciers can be used to reconstruct local-regional scale aerosol emission histories for 
chemical species with shorter atmospheric lifetimes (e.g. days) that are non-uniform in 
atmospheric distribution. 
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 Central Asia is a prime location for the retrieval of ice cores to reconstruct past 
atmospheric dust concentrations as it contains several of the Earth’s highest mountain 
ranges (e.g. Himalayas, Pamirs, Hindu Kush, Tien Shan, Altai), as well as the Tibetan 
Plateau. Central Asia is also one of the Northern Hemisphere’s major dust emission sources 
[Prospero et al., 2002], including the Taklamakan, Karakum and Kyzylkum deserts, as well 
as the Aral Sea region. Dust emissions from Asia have been estimated to be between ~10-
30% of global emissions [Werner et al., 2002; Miller et al., 2004; Tanaka and Chiba, 2006]. 
Due to the abundance of natural dust sources in central Asia, atmospheric 
anthropogenic contributions can be difficult to distinguish. High-elevation central Asian 
ice cores, further removed from dust influences, are essential in determining both the long-
term trends and the relationship between natural dusts and pollutants. In central Asia, rapid 
increases of anthropogenic activity began during the 1950s, as the Soviet Union and China 
expanded industrial and/or agricultural production into central Asia (e.g. Kazakhstan, 
Uzbekistan, Kyrgyzstan, Tajikistan, Turkmenistan) and northwestern China (e.g. Xinjiang 
Province), respectively. Subsequently, natural controls (e.g. circulation patterns and 
aridity) on central Asian dust deflation processes (frequency and intensity) have been 
complemented by anthropogenic activities (e.g. irrigation practices, overgrazing, mining) 
[Ta et al, 2006]. This coupled system has led to severe regional environmental degradation, 
resulting in the desiccation of the Aral Sea, which lost ~65% of its volume by 1989 and 
~90% by 2006, exposing vast areas of highly entrainable evaporite salts and pollutants 
[UNEP, 2003; Micklin, 2007].  
Glaciochemical studies have utilized major soluble ion (Na+, K+, Mg2+, Ca2+, Cl-, 
NO3- and SO42-) records as indicators of marine, volcanic, dust, biogenic and anthropogenic 
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emissions [e.g. Mayewski et al., 1990; Legrand and Mayewski, 1997; Schwikowski et al., 
1999a; Schwikowski et al., 1999b; Goto-Azuma and Koerner, 2001; Preunkert et al., 2003]. 
Previous research on Asian ice cores has revealed that major soluble ions generally 
represent mineral dust proxies, however, NO3-, K+ and SO42- and excess ion concentrations 
may offer the potential to detect anthropogenic inputs of SO2, NOx (NO and NO2) from 
fossil fuel consumption, as well as emissions of nitrogen/potassium-rich fertilizers [Wake 
et al., 1992; Zhao et al., 2011]. In the Tien Shan, previous studies on major soluble ions 
have been limited, with the longest available records representing only a few years (1992-
1998) [Kreutz et al., 2001; Aizen et al., 2004]. Here we present the first high-resolution 
(~18 samples/year), multi-decadal (1908-1995), major soluble ion (Na+, K+, Mg2+, Ca2+, 
Cl-, NO3- and SO42-) record from Inilchek glacier (42.26°N, 80.42°E, 5,120 m a.s.l), located 
in the central Tien Shan, in eastern Kyrgyzstan. We examine past variations in atmospheric 
dust, the contributions of anthropogenic pollutants and spatial and temporal relationships 
to regional climate.  
4.3 Geography, Climatology, Dust and Pollutant Sources 
 
 Inilchek Glacier (42.26°N, 80.42°E, 5,120 m a.s.l) is located in the Tien Shan along 
the northwestern margin of the central Asian mountain system on the border of Kyrgyzstan 
and China (Figure 4.1a.). Climatic conditions are dominated by the strengths and 
interactions of Siberian anticyclones and westerly cyclones [Aizen et al., 1997]. The Tien 
Shan Mountains are in close proximity to large dust emission sources that extend between 
the Caspian Sea and western China (e.g. Taklamakan, Karakum and Kyzylkum deserts, 
Aral Sea region) resulting in high atmospheric background levels of dust aerosols. Regional 
atmospheric dust concentrations have a wide range of spatial and seasonal variability, with 
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major dust storm activity occurring between spring and autumn, with peaks more 
commonly occurring in spring-summer [Indoitu et al., 2012]. In addition to major dust 
sources, central Asia contains large industrial and agricultural emission sources from the 
former Soviet Union (FSU) countries (e.g. Kyrgyzstan, Tajikistan, Uzbekistan, 
Kazakhstan), as well as from the Xinjiang province in western China. Annual NOAA back-
trajectory frequency analysis reveals that aerosol transport to Inilchek is dominated by 
westerly circulation, suggesting local-regional sources from central Asian countries (e.g. 
Kyrgyzstan, Kazakhstan, Tajikistan, Turkmenistan and Uzbekistan), Russia and western 
China, as well as potentially more distal sources, such as the Middle East and Europe 
(Figure 4.1b.). The highest percentage of back-trajectory frequencies (>10%) extended 
over Kyrgyzstan, southern regions of Kazakhstan, eastern Uzbekistan and western China, 
including regions of the Karakum, Kyzylkum and Taklamakan deserts. Winter (December, 
January and February (DJF)), spring (March, April and May (MAM)) and autumn 
(September, October and November (SON)) reveal similar high frequency patterns, which 
suggest more westerly air masses, while summer (June, July and August (JJA)), although 
reflecting a westerly flow, has more trajectories originating from the north, south and east 
of Inilchek [Grigholm et al., 2016].  
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Figure 4.1. Location map. a) Inilchek glacier (blue star), Erbent (brown circle) and Kalpin 
(brown triangle). Example of desert regions denoted in black text. b) Annual NOAA 
HYSPLIT 7-day back trajectories frequency plots for the period 1950-1995 using NCEP 
Reanalysis 1. Back trajectories were run every 12 hours. Population density data from 
Center for International Earth Science Information Network (CIESIN), 2005.   
4.4 Methodology 
 
In the summer of 2000, a joint ice core drilling expedition from the Climate Change 
Institute (CCI) at the University of Maine, the University of Idaho and the University of 
New Hampshire was conducted on the Inilchek Glacier (42.26°N, 80.42°E, 5,120 m a.s.l), 
located in the Tien Shan in Kyrgyzstan. Two ice cores were retrieved from the 
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accumulation zone using the ECLIPSE solar powered electro-mechanical drill [Blake et 
al., 1998; Gerasimoiff and Wake, 2001] and were returned frozen to the U.S. for analysis 
[Kreutz et al., 2003]. Englacial temperature profiles at the site indicated -12°C between 10 
m and 50 m and -11.2°C at 100 m and 160 m, and stratigraphy revealed negligible 
snowmelt [Aizen et al., 2001]. The relatively high snow accumulation rate at Inilchek of 
1.44 m water equivalent (WE)/year supports the likelihood that post depositional loss of 
reactive and volatile species, such as NO3- [Goto-Azuma and Koerner, 2001; Kellerhals et 
al., 2010] is minimal.  
Here we present the methodology and data from the higher elevation core, Core 2 
(160.48 m, 5,120 m a.s.l.), hereafter referred to as the Inilchek ice core. This ice core was 
processed using a discrete, continuous sampling method. Samples were sectioned every 10 
cm on a modified band-saw set (stainless-steel blades, tabletops and saw guides covered 
with teflon) which were regularly cleaned with ethyl alcohol and deionized (DI) water 
(>18.2 MΩ). Each individual sample’s outer surface was scraped in a clean, cold room 
using a clean plastic lathe with pre-cleaned ceramic blades, wearing a non-particulating 
suit, face mask and wrist-length polypropylene (PP) gloves. Samples were then placed into 
Whirlpak bags and melted at room temperature. A total of 1,510 samples were collected 
into high density polyethylene (HDPE) vials and pre-cleaned (with DI water) 
polypropylene (PP) vials for analysis of co-registered major soluble ion concentrations 
(Na+, K+, Mg2+, Ca2+, Cl-, NO3- and SO42-) at the Climate Change Institute (CCI), using a 
Dionex DX-500 ion chromatographs. A statistical summary of major soluble ions, 
Whirlpak blanks and instrument detection limits is presented in Table 4.1. Stable water 
		 85 
isotopes (δ18O and δD) and major and trace elements (Al, As, Ca, Cd, Co, Cr, Cu, Fe, Li, 
Mn, Na, Pb, S, Ti, V) were also analyzed and are presented in Grigholm et al., (2016).  
 
 
Table 4.1. A statistical summary of major soluble ion concentrations determined at Inilchek 
Glacier. 
The Inilchek depth-age scale is presented in Figure 4.2a. The ice core was annually 
dated back to 1908 using seasonal variations of stable water isotopes (δ18O and δD) and 
element species [Grigholm et al., 2016]. Furthermore, the time scale was verified using 
137Cs to identify nuclear bomb test horizons. Grigholm et al. (2016) provides detailed 
information on the depth–age scale including dating uncertainties of ±0 years at 1963 (~78 
m) and ±1 years at 1923 (~138 m) and ±3 at 1908 (159 m).  
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Figure 4.2. Inilchek sub-annual samples. a) Depth-age scale of major soluble ions. b) δD 
and major soluble ion samples between 1980 and 1990. 
4.5 Results and Discussion 
 
4.5.1 Seasonal Variability and Common Variance  
 
Sub-annually resolved major soluble ion concentration records spanning 1908-
1995 (~18 samples/year) are displayed in Figure 4.2a. and a statistical summary of the 
time-series is provided in Table 4.1. The major soluble ion chemistry is primarily 
characterized by crustal dust aerosols such as Ca2+, a common dust tracer, which represents 
~55% of the total ion burden, reflecting close proximity of major dust sources. Sub-annual 
comparisons to δD, a seasonal (warm/cold periods) temperature proxy (Figure 4.2b.), 
suggests considerable interannual variability of ion deposition, which is likely a result of 
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varying seasonal atmospheric dust entrainment occurring primarily in central Asia between 
spring and autumn [Indoitu et al., 2012].  
Empirical Orthogonal Function (EOF) analysis was conducted on the sub-annual 
samples to assess common variance and potential interspecies associations (e.g. transport 
pathways and sources) (Table 4.2.). Dominant terrestrial dust markers are evident in EOF 
1 and EOF 3 (representing ~74% and ~7% of the total variance, respectively), which reflect 
common evaporite mineral inputs, including chloride, sulfate and carbonate minerals from 
soils (e.g. calcisols, solonchaks, and leptosols) and/or dried lake sediments that are 
common throughout the arid regions of central Asia [International Center for Agricultural 
Research in the Dry Areas (ICARDA), 2008]. EOF 1 is primarily loaded by Na+, K+, Mg2+, 
Ca2+, Cl-, NO3- and SO42-, while EOF 3 is primarily loaded by only Ca2+ and Mg2+. This 
distinction suggests that EOF 1 is likely represented by sulfates (e.g. gypsum 
(CaSO4.2H2O) and anhydrite (CaSO4)), chlorides (e.g. halite (NaCl) and sylvite (KCl)), 
and carbonates (e.g. calcite (CaCO3) and magnesite (MgCO3)), while EOF 3 is likely 
represented by only carbonate sources. Calcite is strongly suggested to be the dominant 
source of Ca2+ throughout the ice core record, as the mean mass ratio of Ca: SO42- is ~4.6, 
significantly higher than gypsum/anhydrite (0.27). EOF 2, representing ~12% of the total 
variance, does not suggest a primary crustal source, as it is dominantly loaded by NO3- 
(~63%), which is strongly suggestive of non-crustal source(s) (e.g. biomass burning, NOx 
gases and/or nitrogen-rich fertilizers). The lack of any eigenvector capturing a significant 
marine source (i.e. separate loading of Na+ and Cl-) at Inilchek is expected as long-distance 
transport and deposition of sea salts is likely negligible [Kreutz et al., 2001].  
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Table 4.2. EOF analysis of raw Inilchek major soluble ion data from the period 1908-1995. 
4.5.2 Twentieth Century Trends  
 
Annual concentrations of Inilchek major soluble ions from 1908-1995 are presented 
in Figure 4.3. Annual concentrations were utilized rather than flux, as dry vs. wet 
deposition rates are not well constrained and there is no significant correlation between 
annual concentrations and annual net accumulation rates to justify flux corrections. Robust 
splines were calculated (tension 0.01) to remove short-term interannual variability and 
assess decadal-scale trends. Here, we divide the twentieth century concentration trend 
discussion into two periods 1) pre-1950 (1908- 1950) and 2) post-1950 (1951-1995). 1950 
was selected as a demarcation year as anthropogenic activity increased significantly in the 
region close to this time. A correlation matrix was calculated to compare varying 
interspecies behaviors between the time periods noted above (Table 3.). Major dust proxy 
specie, Ca2+, reveals large increases of atmospheric dust concentrations pre-1950. Post-
1950 concentrations maintain relatively high, but slightly declining concentrations into the 
1960s, followed by declines post-1970 through the 1990s, reflecting similar concentrations 
of the early 1900s. Ca2+ is the only species to record this period as a multi-year time-series 
maxima. Mg2+, which shares similar EOF loading to Ca2+, displays similar long-term 
trends. SO42-, Cl-, and Na+, which exhibit the strongest direct interspecies relationships, 
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display more stable-to-gradual concentration increases (relative to Ca2+) between the early 
and mid-1900s, and show concentration maxima during the late 1960s/early 1970s. These 
higher (SO42-, Cl-, and Na+) concentrations are followed by declining trends into the 1990s. 
During the 1990s, Cl-, and Na+ exhibit the lowest concentrations since the 1920s, and SO42- 
exhibits the lowest concentrations since the 1960s. Pre/post-1950 correlation coefficients 
suggest weaker associations between both SO42- and Cl- compared with Na+ post-1950s 
(Table 4.3.). These apparent departures of SO42- and Cl- with Na+ time-series are potentially 
explained by anthropogenic source inputs of H2SO4 and HCl that are more prevalent during 
the post-1950 period. Here we note that associations with Ca2+, a common natural dust 
input, also declined with SO42- and Cl-. NO3- exhibits generally stable concentration trends 
to the ~1940s, whereupon values steadily increased until the mid-late 1980s. These long-
term trends are suggestive of anthropogenic inputs, particularly as NO3- displays 
significantly weaker associations with the other major soluble ions. K+ displays pre/post-
1950 trends similar to NO3- , although significant concentration increases begin later in 
~1960. K+, unlike NO3-, has strong associations with SO42-, Cl- and Na+, reflecting similar 
timing and/or transport pathways. 
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Figure 4.3. Annual concentrations of Inilchek major soluble ions (1908-1995). Black-lines 
are robust splines (tension 0.01). 
 
 
 
Table 4.3. Inilchek annual major soluble ion correlation matrix. 
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Although, large sporadic peaks in annual concentrations are present, one of the 
more notable features in the Inilchek record is the anomalously large multi-year (1928-
1931) concentration peak in all ions species. This period coincides with an extreme drought 
event in northwest China from 1928-1929 [Hong et al., 2014] and may represent enhanced 
evaporate transport from expanded source regions at the time. The enhanced background 
concentrations during this period coincide with lower annual accumulation rates and 
seasonal temperature proxies (δD and δ18O) suggestive of cooler summer temperatures and 
potentially reduced winter precipitation (Figure 4.4.).  
 
 
 
Figure 4.4. Sub-annual samples of  δD (blue) and SO42- (red) time-series (1925-1950).   
4.5.3 Climatic Controls  
 
 Satellite era (1979-2015) European Reanalysis Interim (ERA-Interim) data (0.75°x 
0.75° global grid) was used to investigate possible interannual spatial-temporal 
relationships between Inilchek Ca2+ and climate parameters [Berrisford et al., 2011]. 
Comparisons to seasonal pressure, wind velocity, temperature and precipitation reanalysis 
data revealed the strongest associations with pressure. Although regionally enhanced dust 
entrainment occurs throughout the spring-autumn period (March-November), the strongest 
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spatial associations (correlation coefficients between 0.6-0.8, p ≤.01 and ≤.001, 
respectively (two-tail)) between Inilchek Ca2+ and mean sea level pressure (MSLP), were 
observed during Spring (MAM), a common dust peak season in varying regions of central 
Asia (e.g. Taklamakan desert) (Figure 4.5.). These spatial correlations coincide with the 
general position of the Siberian High (SH), which has strong impacts on regional 
circulation patterns [Aizen et al., 1997]. The observed negative correlations between MSLP 
and Ca2+ suggest that as pressure is reduced, atmospheric dust concentrations increase. 
Relatively lower pressure may be associated with enhanced regional cyclonic activity 
and/or a weakening or shift in the strength and position of the SH. These singular or 
coupled scenarios impact regional pressure gradients that can influence the magnitudes and 
frequencies of cyclonic storms (i.e. storm formations and/or the blocking of westerly air 
masses that can influence storm tracks). Comparisons to wind velocity, temperature and 
precipitation revealed no strong interannual regional associations.  
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Figure 4.5. Spatial correlations of Inilchek Ca2+ and ERA-interim (March, April and May 
(MAM)) mean sea level pressure (MSLP). Inilchek denoted by white star. Correlation 
coefficient with p-values ≤ 0.01 (two-tail) displayed. 
4.5.4 Regional Dust Storm Activity  
 
Regional studies concerning dust storm frequency and distribution within the FSU 
countries (e.g. Kazakhstan, Uzbekistan and Turkmenistan) for the time-period 1935-2005 
indicate that the 1940s-1960s were the dustiest period, followed by regional decreases in 
the 1970s and 1980s, that remained low through the 1990s [Indoitu et al., 2012]. Similarly, 
dust storm frequency in Xinjiang (e.g. Taklamakan Desert) in northwestern China, also 
exhibited decadal declines from the 1950s and 1960s to the end of the 1990s [Qian et al., 
2002; Wang et al., 2004]. However, this record is temporally limited and does not provide 
any pre-1950s observations. Although also temporally limited (1960-1995), the closest 
known dust storm record, from Kalpin, Xinjiang (located ~180 km southwest from the 
Inilchek site) (Figure 4.1a.), reveals similar declining decadal trends to Ca2+ [Xiao et al., 
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2008] (Figure 4.6.). Additionally, the more distal source region, Erbent, Turkmenistan 
(Karakum desert) (Figure 4.1a.), a potential dust source region [Kreutz et al., 2000; Aizen 
et al., 2004], also reveals similar trends to Ca2+ and is in agreement with regional studies.  
Xiao et al. (2008) attributed the declining annual dust storm days since the 1960s 
at Kalpin primarily to a combination of decreased wind velocities and increased 
precipitation. However, previous work on dust storms throughout central Asia, utilizing 
local weather stations, have attributed these declines to various coupled climatic and 
anthropogenic factors [Ta et al., 2006; Indoitu et al., 2012]. Central Asia’s dust storm 
frequency has been linked to human activities such as large scale Soviet agricultural 
development in Kazakhstan and Uzebekistan in the 1950s (i.e. the Virginland’s campaign) 
[Indoitu et al., 2012]. Additionally, Ta et al. (2006) found strong positive correlations 
between dust storm frequency and intensified anthropogenic activities (e.g. land 
reclamation, industrialization and construction) related to mass migrations to northwest 
China (i.e. Tarim Basin) which peaked in the 1950s. The early 1960s marks the onset of 
the human induced desiccation of the Aral Sea [Micklin, 2007], which coincides with 
prominent increases in evaporate mineral proxy concentrations (e.g. SO42- 
(gypsum/anhydrate) and Na+ (halite)) at Inilchek. However, Inilchek proxies reveal 
declines by the early to mid 1970s, while Aral Sea desiccation has continued steadily to 
the present [Micklin, 2007].  
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Figure 4.6. Comparison between Inilchek Ca2+ and annual dust storm days. Inilchek Ca2+ 
(brown gradient-robust spline) (tension .01), Kalpin, Xinjiang, China (blue) and Erbent, 
Turkmenistan (brown) [Xiao et al., 2008; Indoitu et al., 2012]. 
 
4.5.5 Potential Anthropogenic Contributions at Inilchek  
 
To help identify and estimate potential contributions of anthropogenic inputs, 
excess calculations were utilized to estimate non-crustal contributions of the major soluble 
ion suite, using the equation: Excess [x] fraction = x – [R][r], where x = element of interest, 
r = conservative crustal element and R = reference ratio [x/r]. R represents an Inilchek ice 
core ion ratio from the 1908-1920 reference baseline determined by linear regression 
analysis. The time-period 1908-1920 was selected as it is the oldest part of the ice core. 
Conservative crustal species were selected based on the strongest direct interspecies 
associations with the potential pollutant species (K+, Cl-, NO3- and SO42-) investigated 
during the pre-1950 period (Table 3.). Na+ displayed the strongest relationships to the 
majority of species investigated (i.e. SO42- (r=0.92), K+ (r=0.88) and Cl- (r=0.99)), with the 
exception of NO3-, which displayed the strongest, albeit relatively weak (comparatively) 
interspecies relationship to Ca+ (r= 0.58). In addition, to quantifying potential non-crustal 
excess concentrations, NO3- , K+, SO42- and Cl- are compared to compiled historical records 
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of anthropogenic emissions, production and/or consumption to help verify potential 
anthropogenic sources (Figure 4.7.). Robust splines of excess concentrations are presented 
to highlight multi-year trends.  
 
Figure 4.7. Inilchek excess-glaciochemistry versus anthropogenic pollutants. a) Inilchek 
NO3- (blue robust spline) and excess-NO3- (orange robust spline (Ca2+ crustal reference)) 
compared to annual FSU nitrogeneous fertilizer consumption (cyan bars) and FSU NOx 
emission (blue bars) (Data from the Food and Agriculture Organization (FAO) database 
and Emission Database for Global Atmospheric Research (EDGAR) version 4.2., 
respectively). b) Inilchek excess-K+ (black robust spline (Na+ crustal reference)) compared 
to FSU potash consumption (purple bars) (Data from FAO database). c) Inilchek excess- 
SO42- (black robust spline (Na+ crustal reference) and orange robust spline (Ca2+ crustal 
reference)) compared to Uzbekistan (red bars) and Kyrgyzstan (purple bars) coal 
combustion SO2 emissions (Data from Smith et al., 2011). d) Inilchek excess-Cl- (black 
robust spline (Na+ crustal reference)) compared to Palvador NaOH production (green bars) 
(Data from Yakovleva et al., 2015). Robust spline tensions are 0.01.  
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NO3-  trends exhibit much weaker associations to the other major ion species and 
therefore direct concentrations may be more representative of actual anthropogenic inputs 
than excess concentrations, although we also compare excess calculations for consistency. 
NO3- comparisons to FSU NOx emissions and FSU nitrogeneous fertilizer consumption 
(Figure 7a.) reveal similar trends, however, more dominant inputs are suggested from 
fertilizer, as peak concentrations coincide with peak fertilizer consumption. Excess-NO3-  
reveals similar trends to NO3-, however excess-NO3- suggests discernable inputs beginning 
in ~1960, while NO3- trends suggests input as early as ~1950. Maximum concentrations of 
excess-NO3-  are reached by the mid-late 1980s, with a conservative estimate representing 
~50% of the total NO3-. Declines in fertilizer consumption in the mid-late 1980s through 
the 1990s may be attributed to national scale Soviet agricultural policies during the 
Gorbachev reform era (e.g. Perestroika), which began in 1985, and the collapse of the 
Soviet Union in the early 1990s [Miller et al, 2016]. We note that inputs also originate from 
Xinjiang, although they are likely minor as Xinjiang fertilizer use increased dramatically 
in the 1990s [Leiwen et al, 2005]. The presence of nitrogen-rich fertilizer contributions at 
Inilchek was suggested previously in a shallow ice core (1992-1998) utilizing excesses in 
NH4+ [Kreutz et al., 2001]. NOAA Hysplit back trajectory frequency analysis (Figure 1b.) 
and spatial/temporal distributions (e.g. 1985 and 1995) of NOx emission from agricultural 
soils (Figure 4.8a.) suggest a likely major source of fertilizer to be central to eastern 
Uzbekistan (e.g. Fergana Valley). 
Decadal excess-K+ trends suggest discernable non-crustal inputs beginning early in 
the 1970s, followed by rising concentrations into the late 1980s and subsequent declines to 
the mid 1990s. During the highest concentrations in the 1980s, excess-K+ represents ~50% 
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of the total K+ load, and corresponds to trends with FSU potash fertilizer (e.g. KCl) 
consumption, which is produced and consumed by FSU nations in central Asia. Similarly, 
as with nitrogenous fertilizers, potash consumption peaks in the mid-late 1980s, potentially 
reflecting new Soviet policies (e.g. Perestroika). Additional sources of excess-K+ may 
include contributions of natural/anthropogenic biomass burning in the region, however, we 
are unaware of any local/regional records that are available for comparison. 
Excess-SO42-, utilizing Na+ as a crustal reference species, suggests discernible 
anthropogenic inputs by the 1950s and exhibits generally steady increases until the mid-
late 1980s, followed by declines into the mid-1990s. Comparisons to estimated total 
Uzbekistan and Kyrgyzstan coal SO2 emissions reveal similarities to excess-SO42- trends, 
which are particularly highlighted by rapid increases from 1960 to the late 1980s and rapid 
declines post-1990, resulting from the collapse of the FSU (Figure 4.7c.).  
Primary source emission regions of SO2, as based on hysplit back trajectories 
(Figure 1b.) and geographical distributions, suggest the highly industrialized Fergana 
Valley as a major source of SO42- (Figure 4.8b.). Xinjiang industrial increases (e.g. coal 
consumption) is not suggested in Inilchek excess-SO42-, unlike the trace element 
concentrations (i.e. Pb, Cd and Cu), which reveal large increases during the 1990s, as 
industry expanded in western China [Grigholm et al., 2016]. During the 1980s and 1990s 
excess-SO42- represented ~50% of the total annual SO42- load. Support for these significant 
quantities of anthropogenically sourced SO42-, relative to dust contributions at Inilchek, is 
supported by Pruett et al. (2004), which utilized δ34S samples in a 1999 Inilchek summer 
snowpit and estimated anthropogenic contributions of SO42- at ~40%.  
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We also examine excess-SO42- concentrations using Ca2+ as a reference for 
comparison, as we recognize that the majority of crustal SO42- derives from gypsum 
(CaSO4). However, utilizing Ca2+ as a reference introduces greater uncertainties into excess 
calculations due to the dominant calcite (CaCO3) loading and the lack of measured CO32- 
concentrations necessary to help estimate contributions of calcite vs. gypsum derived Ca2+. 
Therefore, Na+, which, as previously mentioned, shares a stronger interspecies relationship 
with SO42-, is the more accurate reference species. Excess calculations utilizing Na+ and 
Ca2+ crustal references revealed similar long term trends, although Ca2+ derived excess 
calculations displayed non-crustal contributions that were ~10% lower during the 1980s 
and 1990s.  
Examination of multi-year trends of excess-Cl- concentrations suggest increases 
beginning in the 1960s and rising rapidly in the mid-1970s, followed by declines in the 
mid-1980s and relatively low excess concentrations in the 1990s. Potential sources of 
excess-Cl- include anthropogenic emissions of HCl derived from coal burning and waste 
incineration of polyvinyl plastics [National Research Council, 2000; Sanhueza, 2001]. 
Long term trends show similarities to FSU (e.g. Uzbekistan) coal emissions, which 
continued to rise into the 1980s (Smith et al., 2011). In addition to coal, PVC production 
doubled in the Soviet Union between 1970 and 1980 [Jensen et al., 1983]. Unfortunately, 
additional PVC production data is not available, to our knowledge. Interestingly, the abrupt 
rise and decline in excess-Cl- is not observed in other excess-species and coincides with 
expansions of chlor-alkali production at the Pavlodar Chemical Plant (PCP) (52.27°N 
77.00°E) in Kazakstan that manufactured caustic soda (NaOH) and Cl2 for military and 
commercial purposes (only NaOH data was available) [Yakovleva et al., n.d]. The plant 
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operated between 1975 and 1993, however, military production (e.g. binary nerve agents) 
stopped in 1987 when the Soviet Union ratified the Convention on Chemical Weapons Ban 
[Yakovleva et al., n.d]. Additionally, in 1987-88 commercial chlor-alkali production was 
replaced with newer methods employing mercury cathodes, which could explain the rapid 
reduction in excess-Cl- concentrations [Yakovleva et al., n.d]. As Cl- may have multiple 
anthropogenic sources, here we note the limited data available to access the regional scale 
chlor-akali production, waste incineration and PVC production that may additionally help 
interpret excess-Cl- trends.  
 
 
Figure 4.8. NOx and SO2 emissions. a) 1985 and 1995 NOx emissions from agricultural 
soils (0.1° x 0.1°grid). Inilchek glacier (blue star), Fergana Valley (triangle) and ice core 
sites; 1-Muztagata, 2-West Belukha (circles). b) 1970, 1990 and 1995 total SO2 emissions 
(0.1° x 0.1°grid). Inilchek glacier (blue star) and ice core sites; 1- Col du Dome, 2-Colle 
Gnifetti, 3-Muztagata, 4-West Belukha, 5-Guliya, 6-Puruogangri, 7-Geladaindong, 8-
Dasuopu, 9-Everest (circles). NOx and SO2 emission data from Emission Database for 
Global Atmospheric Research (EDGAR) version 4.2. 
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4.5.6 Regional Ice Core Comparisons  
 
Eurasian ice core records are presented in Figure 9. to illustrate regional onsets of 
anthropogenic contributions of NO3- and SO42- for the period of 1800-2005. Varying 
temporal trends are observed within central Asia. Distinct differences between NO3- and 
SO42- are displayed between Inilchek (Tien Shan) and Muztagata (Pamir), two sites that lie 
on the border of the FSU and China (Figure 8ab.). The Inilchek record reveals gradual 
increases in NO3- and SO42- beginning in the 1950-1960s, while Muztagata reveals sharp 
increases in NO3- and SO42- by the 1980s and 1990s, relative to pre-1950 background 
levels. Zhou et al. (2011) attribute source regions of NO3- and SO42- to southwest Asia 
(including countries from the FSU, as well as Iran, Afghanistan, and Pakistan). 
Additionally, inputs likely originate from Xinjiang agricultural and industrial activities that 
increased rapidly in the 1980s and 1990s [Leiwen et al., 2005]. Differences in NO3- and 
SO42- between Inilchek and Mutzagata are interesting, as Pb concentrations at both sites 
reveal similar trends [Grigholm et al., 2016], suggesting potentially varying seasonal inputs 
and/or emission sources of NO3- and SO42-. West Belukha (Altai) reveals increasing 
decadal trends in both NO3- and SO42- [Aizen et al., in press]. In general, West Belukha 
reveals similar NO3- trends with Inilchek, which are likely anthropogenic inputs beginning 
in ~1950-1960, however, peak concentration occurs ~1-3 years later in the West Beluka 
core, potentially suggesting predominately FSU NOx emission source deposition, rather 
than nitrogeneous fertilizers. NOx inputs may originate from European sources, as 
supported by Eichler et al. (2012), which attributes Pb concentrations at Belukha to 
transportation and industrial emissions. This is further supported by similar NO3- trends at 
West Belukha and Colle Gnifetti (European Alps), although closer Russian and/or 
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Kazakhstan sources are more likely. West Belukha excess-SO42- trends reveal sharp 
differences to Inilchek trends, highlighted by earlier discernable inputs of anthropogenic 
SO42- (~1920-1930), maximum concentrations by the early to mid-1970s and subsequent 
declines to the early 2000s. Based on Smith et al., (2011) historical global SO2 emission 
data, West Beluka excess-SO42- trends coincide more with European emission histories, 
which have declined since the 1970s, than FSU emission histories, which increased to the 
late 1980s. These differences are spatially and temporally illustrated in Figure 8b., which 
displays total SO2 emissions in 1970, 1990 and 1995, highlighting the regional emission 
fluxes between Europe and the FSU in the context of regional ice core locations. European 
source dominated SO42- deposition at West Belukha is circumstantially supported by 
coinciding trends in European Alps SO42- (Col du Dome and Colle Gniffietti). Due to the 
geographic location of West Belukha, it likely reflects a combined European/Soviet signal. 
Notably, the historical high dust and potential drought event (~1928-1931) potentially 
appears in both Inilchek and West Belukha ice core records. Farther south on the Tibetan 
Plateau, Guliya, Puruogangri and Geladaindong trends in both NO3- and SO42- suggest no 
discernable anthropogenic inputs, which is likely due to their significant distance from 
emission sources (Figure 8ab.), as well as the presence of high natural background dust 
concentrations [Thompson et al., 1997; Thompson et al., 2006; Grigholm et al., 2015]. 
Closer to industrial and anthropogenic sources in the Indian subcontinent, the Dasuopu 
(Himalayas) ice core displays a long-term increasing trend to 2000 in both NO3- and SO42-
, beginning in the 1950s [Thompson et al, 2000]. The Everest ice core, farther east, displays 
multiple large abrupt increases in NO3- and SO42- in the 1980s and 1990s, however, no 
long-term trends are apparent [Kaspari et al., 2009]. 
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Figure 4.9. Regional ice core records. a) NO3- records for Col du Dome [Preunkert et al., 
2000], Colle Gnifetti [Preunkert et al., 2003b], West Belukha [Aizen et al., in press], 
Inilchek, Muztagata [Zhou et al., 2011], Guliya [Thompson et al., 1997], Puruogangri 
[Thompson et al., 2006] Geladaindong [Grigholm et al., 2015], Dasuopu [Thompson et al., 
2000] and Everest [Kaspari et al., 2009]. b) SO42- records for Col du Dome [Preunkert et 
al., 2001], Colle Gnifetti [Preunkert et al., 2001], West Belukha [Aizen et al., in press], 
[Thompson et al., 2006] Geladaindong [Grigholm et al., 2015], Dasuopu [Thompson et al., 
2000] and Everest [Kaspari et al., 2009]. Black-lines indicate excess-SO42-. c) Excess-Cl- 
data for Monte Rosa (5-year mean) [Eichler et al. 2000], West Belukha [Aizen et al., 2016] 
(robust spline) and Inilchek (robust spline).  
 
Excess-Cl- concentrations at Monte Rosa (Swiss Alps), West Belukha and Inilchek 
between 1900- 2005 appear in Figure 9c. Inilchek and Monte Rosa reveal similar temporal 
		 104 
patterns with general rises beginning in the 1960s and sharp declines during the late/early 
1980s/1990s. Eichler et al. (2000) attributes earlier excess-Cl- concentrations to local coal 
burning and post-1965 concentrations to local waste incineration of PVC. Despite similar 
trends, common transport and/or sources are highly unlikely as Monte Rosa is far upwind 
of Inilchek, where concentrations are significantly higher, indicating a more local 
influence. Instead, the similar trends may be a result of international markets and/or 
regulations that influence global production, consumption and incineration of source 
materials. West Belukha reveals large variability with general increases into the early 
2000s, likely a result of PVC production and/or incineration that continued to increase 
through the end of the record, rather than from coal emissions that continued to decline in 
both Europe and the FSU through the end of the record [Smith et al., 2011].  
4.6 Conclusion 
This study presents the first high-resolution, multi-decadal (1908-1995) major 
soluble ion (Na+, K+, Mg2+, Ca2+, Cl-, NO3- and SO42-) ice core record from Inilchek glacier 
in the Tien Shan, eastern Kyrgyzstan. Sub-annual interspecies major soluble ion EOF 
analysis suggests that Inilchek has two primary dust inputs, one representing a combination 
of evaporite minerals (e.g. chlorides, sulfates and carbonates) and the other a dominant 
calcium carbonate source, while NO3- loaded separately indicative of a potential 
anthropogenic source. All major soluble ions revealed considerable interannual deposition 
timing, potentially reflecting the varying seasonal atmospheric dust entrainment that occurs 
throughout central Asia between spring and autumn. However, comparisons with ERA 
Interim Reanalysis data (1979-1995) suggest strong interannual inverse associations 
between Ca2+ concentrations and spring (MAM) mean MSLP in northwestern China and 
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southern Siberia, suggesting potential relationships with regional pressure patterns (e.g. 
SH). Twentieth century baseline trends reveal the highest decadal scale inputs of dust 
deposition between the 1950s and the early 1970s, followed by declines from the mid-
1970s to the mid-1990s in common evaporite tracers (Na+, Mg2+, Ca2+, Cl-, SO42-). 
Regional comparisons revealed similar declining trends between Inilchek Ca2+ and dust 
storm activity both in the FSU and Xinjiang, China. Twentieth century baseline trends in 
K+ and NO3- increased to the mid-late 1980s, generally coinciding with regional increases 
in anthropogenic activities. Non-crustal contributions (excess) estimates of NO3-, K+, SO42-
, and Cl- concentrations suggest that discernable anthropogenic inputs began during the 
1950s-1970s, increased into the mid/late1980s and declined in the 1990s, potentially 
reflecting the rise and subsequent decline of FSU industry and agriculture. Excess 
calculation concentrations of NO3-, K+, SO42-, and Cl- display similar trends to FSU 
nitrogeneous/potash fertilizer consumption, SO2 coal emissions and possibly PVC and 
Soviet military Cl2 production. NOAA HYSPLIT back-trajectory frequency analysis and 
spatial emission data of NOx and SO2 suggest pollutant sources originating from eastern 
Uzbekistan (e.g. Fergana Valley), Kyrgyzstan and southern Kazakhstan. This research 
provides a twentieth century record of atmospheric crustal and non-crustal major soluble 
ion composition in central Asia and provides baseline data for the continued atmospheric 
monitoring of climatic and environmental variability in the region. 
 
CHAPTER 5 
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CONCLUSION 
The high-resolution, multi-parameter ice core records retrieved and analyzed from 
Geladaindong (central Tibetan Plateau) and Inilchek (Tien Shan), and presented in this 
dissertation, provide new detailed measurements reconstructing the variability of 
atmospheric chemical concentrations and composition over the past the ~100-500 years, 
significantly improving the understanding of late Holocene climate and environmental 
variability in Asia. Ice cores were sampled for stable water isotopes (δD and δ18O), major 
soluble ions (Na+, K+, Ca2+, Mg2+, Cl-, NO3-, SO42-), and elements (e.g. Al, Fe, Pb, Cd, Cu, 
Cr, Sr, V, Cs,) as well as, radionuclides (3H, 137Cs and 210Pb), resulting in some of the most 
thoroughly analyzed glaciochemical records to date. This research has expanded on 
previous glaciochemical research in the region [e.g. Mayewski et al., 1984; Wake et al., 
1993; Kreutz et al., 2000; Thompson et al., 2000; Kang et al., 2002; Aizen et al., 2004; 
Kaspari et al., 2007; Eichler et al., 2012]. In the following paragraphs, the main scientific 
findings of this research are summarized by chapter, followed by brief recommendations 
for future research. 
5.1 Conclusion Summaries 
 
Chapter 2 presents the first high-resolution ~500 year Ca record (1477–1982) from 
Geladaindong that provides a proxy for atmospheric dust concentrations and westerly wind 
strength over the Tibetan Plateau. The record reveals late nineteenth to twentieth century 
declines in Ca concentrations, which correspond with regional trends in reduced zonal wind 
strengths. These declines in zonal wind velocities, and subsequent declines in dust transport 
over the Tibetan Plateau, are likely the result of increasing temperatures lowering 
meridional pressure gradients (i.e., weakening the Siberian High) over large portions of 
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northern Asia. The Geladaindong Ca record displays a decadal-centennial relationship with 
regional temperature proxies and Siberian High proxies, suggesting long-term control of 
regional atmospheric circulation strength over atmospheric dust concentrations on the 
Tibetan Plateau. The low post-1950s Ca concentrations (~50% below 1480–1950 
concentrations) correspond with the anthropogenic warming of the middle-late twentieth 
century. As warming continues, temperature/pressure gradients driving the westerlies will 
presumably decline [Francis and Vavrus, 2012], as will, most likely, the transport of dust. 
Therefore, future trends of atmospheric dust over the Tibetan Plateau may be more 
dominantly controlled by other factors (e.g., precipitation, source area, and/or 
anthropogenic activity). During the twentieth century, warming combined with poor land 
management, has increased land degradation and desertification, exposing more regions to 
possible dust entrainment [Wang et al., 2000; Gong et al., 2004]. Studies have estimated 
that between the 1950s and 1990s China’s desert regions increased by ~2–7% and would 
yield 10–40% more dust storms under 1950s atmospheric conditions (i.e., stronger wind 
strengths) [Zhong, 1999; Zhu and Zhu, 1999]. Importantly, the Geladaindong Ca dust 
proxy provides a longer historical perspective and insight into the pre-instrumental era, 
strongly suggesting that if atmospheric circulation strengths returned to a pre-1950s state, 
even greater dust storm frequency would be expected. 
Chapter 3 presents the first high-resolution, multi-decadal (1908-1995) trace 
element ice core record from Inilchek, in the central Tien Shan. Seasonal variability of 
element concentrations (Pb, Cd) and stable water isotope analysis (δD), reveal dominant 
warm period (e.g. summer) deposition. Decadal trends of trace element records reveal 
pronounced temporal baseline concentration maximums that are characteristic of post-
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1950 anthropogenic activities and indicate that atmospheric composition over the Tien 
Shan has changed significantly during the twentieth century. Pb, Cd and Cu concentrations, 
along with non-crustal calculation estimates (i.e. excess and enrichment factors), suggest 
anthropogenic inputs beginning in the 1950s and rapidly increasing to the late-1970s and 
early 1980s, by factors of up to 5, 6, and 3, respectively, relative to a 1910-1950 mean. 
Importantly, due to the rapid growth of large-scale mining activities between the 1950s and 
1970s, enhancing entrainment and enriching mineral dust compositions (e.g. Al, Ti, Mn, 
V, As) suggest that commonly assumed crustal reference species may be biased and 
potentially underestimate non-crustal contributions at Inilchek. 
Trends between the 1950s and 1980s, of Pb, Cd and Cu are highly reflective of 
Soviet industrial and agricultural production trends, including non-ferrous metal, coal and 
fertilizer production and consumption. Summer (JJA) back-trajectory frequency analysis 
suggests pollutant sources originating from southern Kazakhstan (e.g. Shymkent and 
Balkhash) and the Fergana Valley (located in Kazakhstan, Uzebekistan and Kyrgyzstan). 
Declines in the Soviet economy in the 1980s and the subsequent collapse in the early 1990s, 
coupled with the rapid development of western China’s industry and agriculture, dominate 
warm period (e.g. summer) pollutant air-mass transport concentrations, which have 
transitioned from central Asian sources to dominant emission sources in western China 
(e.g. Xinjiang Provence).  
Chapter 4 presents the first high-resolution, multi-decadal (1908-1995) major 
soluble ion (Na+, K+, Mg2+, Ca2+, Cl-, NO3- and SO42-) ice core record from Inilchek. EOF 
analysis suggests that Inilchek has two primary dust inputs, one representing a combination 
of evaporite minerals (e.g. chlorides, sulfates and carbonates) and the other a dominant 
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calcium carbonate source, while NO3- loaded separately, indicative of a potential 
anthropogenic source. Strong interannual inverse associations between Ca2+ concentrations 
and spring (MAM) mean sea level pressure (MASP) in northwestern China and southern 
Siberia, suggest a potential relationship with regional pressure patterns (e.g. Siberian 
High). Twentieth century baseline trends reveal the highest decadal scale inputs of dust 
deposition between the 1950s and the early 1970s, followed by declines from the mid-
1970s to the mid-1990s in common evaporite tracers (Na+, Mg2+, Ca2+, Cl-, SO42-). 
Regional comparisons revealed similar declining trends between Inilchek Ca2+ and dust 
storm activity both in the former Soviet Union and Xinjiang, China.  
Twentieth century baseline trends in K+ and NO3- increased to the mid-late 1980s, 
generally coinciding with regional increases in anthropogenic activities. Non-crustal 
contributions (excess) estimates of NO3-, K+, SO42-, and Cl- concentrations suggest that 
discernable anthropogenic inputs began during the 1950s-1970s, increased into the 
mid/late1980s and declined in the 1990s, potentially reflecting the rise and subsequent 
decline of Soviet industry and agriculture. Excess calculation concentrations of NO3-, K+, 
SO42-, and Cl- display similar trends to Soviet nitrogeneous/potash fertilizer consumption, 
SO2 coal emissions and possibly PVC and Soviet military Cl2 production. NOAA 
HYSPLIT back-trajectory frequency analysis and spatial emission data of NOx and SO2 
suggest pollutant sources originating from eastern Uzbekistan (e.g. Fergana Valley), 
Kyrgyzstan and southern Kazakhstan.  
This research provides a twentieth century record of atmospheric crustal and non-
crustal major soluble ion composition in central Asia and provides baseline data for the 
continued atmospheric monitoring of climatic and environmental variability in the region. 
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The understanding of past climate variation is essential for assessing modern, as well as 
future, anthropogenic impacts on the climate. Future climate change in central Asia may 
have dramatic impacts on humans and ecosystems. The regional retreat of alpine glaciers 
coupled with increases in population, industry, and agriculture are likely to generate 
unsustainable conditions for future demands on water resources. In addition, declines in 
glacial water resources may exaggerate any potential regional variability in moisture 
advection by westerly and Asian monsoon circulation. AICA’s climate and environmental 
reconstructions provide the temporal context necessary to evaluate anthropogenic impacts 
and help extrapolate near future regional climate scenarios. The AICA project results are 
expected to be of particular significance to a wide range of disciplines that inform 
worldwide understanding of natural and anthropogenic forced climate change. 
5.2 Implications and Recommendations for Future Work 
 
Important implications for the recovery and glaciochemical analysis of the 
Geladaindong and Inilchek records were underscored by latitude and elevation.  Although 
the sites were carefully selected with the information available at the time of consideration, 
new information revealed by this research and others [Kang et al., 2015; Grigholm et al., 
2015] reveals that future ice cores will rely on higher elevation sites due to the increased 
pace of predicted warming.  
The Geladaindong record, based on 3H measurements identifying nuclear test 
horizons was discovered to have lost ~23 of the most recent years of the record due to 
ablation [Kang et al., 2015; Grigholm et al., 2015], suggesting that new ice cores from the 
Geladaindong region, or equivalent latitudes, should be recovered at higher elevations 
(>5,800 m.), if possible, and continually so, as regional temperatures are projected to 
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continue to rise. This threat was further emphasized by examination of another AICA site, 
Nylanquentanglha, farther south on the Tibetan Plateau, where net accumulation has not 
occurred since the 1950s [Kang et al., 2015]. Furthermore, a deep ice core record from the 
Fedchenko Glacier AICA site, was attempted in 2009, but the team was unable to retrieved 
it due to logistical conditions (i.e. helicopter safety concerns) that prevented the team from 
reaching the intended drill site. Attempts were made at a site ~300 m lower, however, 
significant melt was evident, which compromised the preservation of the glaciochemical 
records, underscoring the crucial importance of elevation. Reconnaissance cores retrieved 
in 2005 at the intended drill site indicated excellent annual markers and GPR surveys 
estimated a glacier thickness of ~600 m [Aizen et al., 2009], supporting the 
recommendation for new attempts to recover a deep ice core at Fedchenko Glacier. Unless 
warming trends at these sites reverse, these glaciers will continue to lose ice mass and 
subsequent natural archives of past climate and environmental conditions, and therefore 
will not provide ideal locations for future glaciochemical monitoring of atmospheric 
chemistry over Asia.  This stresses the urgency of prompt ice core retrieval, as projected 
temperature increases may literally melt away climate and environment records covering 
the late Holocene period. 
The Inilchek record, ~10°N, was well-preserved to the most recent portion of the 
record, and therefore, based on the climate and environment records derived from 
glaciochemical sampling, presents an excellent site for continued monitoring of future 
trends in atmospheric chemistry. It is important to note that ~15 years has passed since the 
Inilchek ice core was drilled, therefore subsequent regional warming may have impacted 
the quality of record preservation observed at the Inilchek site in 2000.  
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Inilchek glacier presents an excellent site to revisit for several research interests, 
including: 
1) To assess the current preservation of annual signals and thereby the viability of 
climate and environmental reconstruction during the twenty-first century.  
2) Since the mid-1990s, former Soviet countries (e.g. Kazakstan, Krygzstan 
Uzbekistan) have vastly increased mining activities in the region that rival and 
surpass Soviet maximums in the 1970s and 1980s. In addition, northwestern China 
has also continued to grow industrially. Ice cores ranging from 30-40 m will 
presumably extend back to the mid-1990 allowing assessment of recent trends. In 
addition to utilizing stable water isotopes (δD and δ18O), major soluble ions (Na+, 
K+, Ca2+, Mg2+, Cl-, NO3-, SO42-), and elements (e.g. Al, Fe, Pb, Cd, Cu, Co, Ti, Ba, 
Cr, Sr, V, U, Cs, As), it would be imperative to also utilize complimentary methods 
of stable isotopic ratios of the potential pollutant species (e.g. Pb, Cd, S) to add to 
the excess and enrichment factor calculations. This additional data would help 
confirm inputs of anthropogenic pollutants, as well as identifying source regions 
and timing, emission trends impacted by enhanced production or perhaps 
environmental regulations (e.g. Pb-additive phase-out in the early 2000s). 
Additionally, it is important to assess any impacts from the open-pit Kumtor Gold 
mine (approximately 170 km west (downwind) of Inilchek), which began 
operations in 1997 (post-dating the current Inilchek record) and has subsequently 
become a prominent source of pollution in the region. 
3) Finally, the Inilchek ice core was drilled to a depth of 160 m, which is 
approximately half of the estimated ~300 m thickness of the glacier. The ice core 
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revealed excellent annual markers and thus a future core to bedrock may provide 
records spanning an additional several hundred years to millennia (based on ice 
flow dynamics and past accumulation variability) presenting the possibility to 
retrieve the most accurate annually dated core in Asia. Additionally, potential 
unconformities near bedrock may lead to the discovery of far older ice.  
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